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FOREWORD 


The  data  presented  in  this  document  for  the  Hampton  Roads/ 
Norfolk  Naval  Operating  Area  provide  a  single  environmental 
reference  source  for  Navy  operational  planners.  This  Marine 
Envirormental  Planning  Guide  will  enable  civilian  and  military 
marine  activity  planners  to  estimate  and  minimize  the  impact  of 
their  operations  upon  the  marine  environment.  The  guide  will 
permit  selection  of  the  best  locations  and  proper  timing  to 
conduct  marine  operations  in  order  to  limit  the  environmental 
stress  caused  by  many  of  man's  activities  at  sea. 
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A.  Introduction 

In  November  of  1971  the  Assistant  Secretary  of  the  Navy  for  Research  and 
Development  requested  initiation  of  studies  of  the  environmental  inpact  of 
naval  operations  and  maritime-generated  pollution  an  coasted  waters.  The  Office 
of  the  Oceanographer  of  the  Navy  tasked  the  U.S.  Naval  Oceanographic  Office 
to  prepare  this  report  as  a  prototype  marine-envirormented  planning  guide. 

A  team  of  oceanographers  examined  the  Hampton  Roads/Norfolk  Naval  Operating 
Area  (fig.  SI) . 


FIGURE  51.  LOCATOR  CHART  HAMPTON  ROADS/NORFOLK  STUDY  AREA 

Explicit  guidelines  are  necessary  for  the  control  of  pollutants  which 
degrade  or  endanger  human  health;  jeopardize  marine  life,  wildlife  populations, 
or  other  economic  resources;  and  impair  recreational  and  aesthetic  values. 

Two  major  approaches  were  implemented  in  developing  the  planning  guide. 

The  first  is  a  detailed  description  of  the  environment  with  emphasis  on  the 
physical,  biological,  and  geological  processes  operative  in  the  Area.  The 
second  deals  with  the  interactions  of  possible  pollutants  with  these  processes, 
and  interpretations  and  applications  of  this  information  as  it  relates  to 
good  environmental  quality  control  practices. 

The  planning  guide  is  intended  primarily  for  use  by  naval  at-sea  ccmnands, 
district  ccmnands,  and  Chief  of  Naval  Operations  (QJO)  levels  responsible  for 
initiating  sound  operational  and  disposal  practices  and  for  evaluating 
practicality  and/or  the  validity  of  future  disposed  standards.  The  guide  may 
be  utilized  by  Army  Corps  of  Engineers,  U.S.  Coast  Guard,  the  Environmental 
Protection  Agency  and  other  agencies  which  are  responsible  for  the  surveillance, 
control,  and  cleanup  of  pollutants.  State  and  local  agencies,  as  well  as 
private  corporations,  which  are  engaged  in  marine  disposal  operations  or 
oil  exploration ,  will  find  this  planning  guide  valuable  for  assessing  possible 
effects  on  the  physical  and  biological  regimes  of  the  Area. 
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B.  Environmental  Sunrary 

The  planning  guide  incorporates  detailed  descriptions  of  the  physical 
and  biological  re ;imes ,  including  their  interactions,  of  the  Hampton  Roads/ 
Norfolk  Naval  Operating  Area  and  provides  tentative  models  for  the 
prediction  of  material  dispersion  on  tl,e  sea-surface  and  over  the  seabed. 

The  findings  are  useful  to  agencies  concerned  with  environmentally 
acceptable  irarine  disposal  practices  and  coastal  zone  maritime  planning. 

Generally,  the  factors  responsible  for  the  dispersion  of  material  in 
the  marine  realm  include  winds,  wave  currents,  and  tides. 

Surface  winds  play  an  important  role  in  the  transport  and  dispersal 
of  pollutants.  Floating,  dissolved,  or  suspended  materials  may  be  transported 
landward  or  seaward  by  the  actions  of  the  wind  on  the  water.  Additionally, 
mixing  of  materials  in  the  water  by  the  downward  transport  of  momentum  can  be 
initiated  by  the  surface  flow. 

In  the  Hampton  Roads/Norfolk  Area  prevailing  winds  are  predominantly 
offshore  during  summer  and  winter.  An  exception  is  in  the  autumn  (September 
and  October)  when  onshore  winds  prevail.  The  combination  of  waves  generated 
fcy  the  wind  (sea)  and  wind  stress  generates  a  wind  drift  current  which,  in 
the  Area,  is  usually  parallel  to  or  away  from  the  coast  approximately  two- 
thirds  of  the  time  in  all  months  but  September  and  October.  During  most  of 
the  year,  any  offshore  surface  pollutant  will  eventually  be  forced  into  the 
Gulf  Stream  at  same  point  along  its  course;  the  rate  of  transport  increases 
from  northwest  to  southeast.  During  September  and  October,  the  wind-induced 
flew  tends  to  move  surface  pollutants  toward  the  coast  more  rapidly  as 
distance  to  shore  decreases. 

On  a  short-term  basis,  wind  stresses  are  directed  shoreward  ahead  of 
northward-moving  coastal  lews.  These  extratropical  cyclones  are  particularly 
frequent  from  late  autumn  through  early  spring,  many  of  them  originating  in 
the  region  near  Cape  Hatteras. 

The  prevailing  direction  of  seas  generally  coincides  with  that  of  the 
surface  winds.  Swell  is  more  likely  to  be  directed  onshore  than  seaward  during 
winter  and  usually  emanates  from  intense  extratropical  cyclones  located 
in  the  north  and  northeast.  During  summer,  swell  frequently  originates  from 
the  persistent  southerly  to  southwesterly  winds  of  the  subtropical  high. 

The  Gulf  Stream  is  present  in  the  eastern  part  of  the  Area  and  sets 
strongly  toward  the  northeast  (fig.  S2) .  Materials  on  the  sea-surface  or  in 
suspension  likely  will  be  transported  toward  the  northeast  and  out  of  the  Area 
if  entrained  within  the  stream.  Over  the  continental  shelf  in  the  Area, 
the  southward  flow  of  the  Labrador  Current  Extension  also  influences  the 
dispersal  directions  of  material. 

The  tidal  currents  are  rotary  and  weak  over  the  Continental  Shelf 
whereas  at  the  en trace  to  Chesapeake  Bay  they  are  strong  and  reversing 
(U.S.  Naval  Climatic  Center,  1972) .  Disposal  is  not  advisable  at  or  near 
the  Bay  entrance. 
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Breakers  thoroughly  mix  all  suspended  matter  and  pollutants,  and  longshore 
currents  subsequently  transport  this  material  laterally.  There  is  no  pre¬ 
dominant  direction  of  flow  at  beach  A.  The  currents  throughout  the  year  flow 
predominantly  northward  at  beaches  B,  G,  and  H,  and  southward  at  beaches  Cl, 
C2,  D,  E,  and  F  (fig.  S3) .  This  information  can  be  used  for  locating  cleanup 
equipment  in  the  event  of  a  nearshore  oil  spill. 


FIGURE  S3.  BEACH  INTERCEPT  IOCAIITIES  OF  CLOSE  INSHORE  DUMP  MATERIAL 


A  model  has  been  constructed  for  predicting  dispersion  directions  of 
surface  or  suspended  material  in  the  Area.  The  data  are  used  as  input  to 
a  vector  analysis  program  provided  by  Yergen  (1962),  and  surface  drift  ellipses 
are  derived  for  winter  and  sunmer  (fig.  S4) .  The  ellipses  are  closely  related 
to  the  surface  currents  and  are  elongated  in  the  direction  of  prevailing  flow. 

The  ellipse  technique  designates  an  axis  of  regional  search  for  free  drifting 
objects  or  contaminants  such  as  oil  spills  and  wastes,  under  average  conditions, 
based  on  the  percent  probability  desired  and  time  fran  initial  point  of  pollutant 
discharge.  For  example,  if  an  oil  spill  occurs  in  the  Area,  the  closest 
ellipse  can  be  moved  over  the  spill  site  to  determine  dispersion  paths  the  oil 
may  take  and  approxinately  hew  much  time  remains  before  the  coastline  is 
threatened. 

Orbital  motions  of  long-period  waves  generated  by  distant  winds  often 
extend  to  great  depths.  In  general,  the  greater  the  period  and  height,  the 
greater  the  depth  of  penetration  with  a  resulting  greater  likelihood  that 
the  bottom  will  be  disturbed.  The  percent  frequency  of  waves  touching  bottom 
is  shown  for  months  representative  of  each  season  in  figure  S5.  These 
iso lines  are  a  measure  of  the  seasonal  variations  in  the  depath  of  wave 
penetration.  Waves  penetrate  deepest  in  winter  and  are  more  likely  to  disturb 
bottom  material  during  this  season  than  at  any  other  time.  This  subsurface 
wave  motion  also  causes  increased  vertical  mixing  and  a  more  rapid  dispersal 
of  pollutants. 


FIGURE  S5.  PERCENT  FREQUENCY  OF  WAVES  TOUCHING  BOTTOM 


A  tentative  model  was  constructed  to  predict  the  dispersion  of  dredge 
spoil  or  contaminating  deposits  over  the  seabed.  Resuspension  of  bottom 
material  can  occur  whenever  wave  orbital  notion  (h-°)  close  to  the  seabed  is 
appreciable  (see  Appendix  B) .  Once  the  bottrm  material  is  in  suspension 
it  can  be  transported  by  forward  drift  (£)  (see  Appendix  B) .  Ihe  acrpetency 
diagram  in  figure  S5  indicates  the  orbital  velocities  required  to  resuspend 
various  sediment  size  materials.  For  example,  orbital  velocities  close  to  the 
seabed  must  exceed  37  an/ sec,  48  an/sec,  and  54  an/sec  to  resuspend  median  sand 
(0.24  nrn) ,  fine  sand  (0.062  rmi) ,  and  silt  (0.052  nm) ,  respectively.  In  order 
to  transport  the  material  after  it  is  suspended,  the  forward  drift  velocity 
must  exceed  37  cm/sec,  2.4  an/ sec,  and  1.0  an/sec,  respectively. 
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HGURE  S6.  COMPETENCY  CURVE 


The  above  orbital  and  forward  velocities  are  frequently  equaled  or 
exceeded  an  the  Continental  Shelf  in  the  Area  during  autumn,  winter,  and 
spring.  Therefore  sediment,  such  as  dredge  spoil,  deposited  on  the  shelf 
is  subject  to  erosion  and  transportation  much  of  the  time  (fig.  S7) . 


The  direction  in  which  bottom  material  is  transported  is  also  an  important 
consideration  when  selecting  disposal  sites.  Harrison,  et  al.  (1967)  determined 
from  bottom  drifters  that  transport  in  the  Area  is  predominantly  toward  ttie 
coast  regardless  of  the  season  (fig.  S8) .  While  silt  and  sand  on  most  of  the 
shelf  can  theoretically  be  transported  during  autumn,  winter,  and  spring, 
wave  action  in  the  sunnier  is  minimal  and  silt  and  fine  sand  are  confined  to 
within  20-30  nautical  miles  of  the  coast  in  the  Area.  Silt  and  fine  sand, 
such  as  dredge  spoil,  deposited  on  the  Continental  Shelf,  ultimately  will  be 
transported  toward  the  coast.  The  rate  of  transport  is  not  known  and  cannot 
be  determined  without  on-site  measurements.  Dredge  spoil  containing  sand  and 
silt  which  is  deposited  seaward  of  the  Continental  Shelf,  should  eventually 
be  incorporated  with  deep-sea  sediments  and  not  be  entrained  within  the 
westward  bottom  drift  present  on  the  shelf. 
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FIGURE  S  8  INFERRED  BOTTOM  DRIFT 


A  pronounced  salinity  gradient  occurs  off  Chesapeake  Bay,  and  a  surface 
pollutant  (e.g. ,  oil)  may  collect  at  the  seaward  interface  parallel  to  the  shore¬ 
line,  especially  during  summer  when  the  change  in  mean  surface  salinity  is 
greatest  (Kennedy  and  Wermund,  1971)  (see  fig.  14). 

The  northern  boundary  of  the  Gulf  Stream  is  a  sharp  thermal  gradient 
(front)  that  is  most  intense  during  winter.  The  occurrence  and  relative 
strength  of  this  front  may  inhibit  the  spread  of  surface  pollutants  and 
may  also  influence  the  direction  in  which  they  move.  For  example,  a 
pollutant  introduced  in  winter  in  the  coastal  region  of  Cape  Hat ter as, 
vrfiere  the  general  direction  of  flow  is  south,  may  travel  as  far  as  the 
cape  and  then  be  impeded  by  the  strong  thermal  gradient.  If  such  an 
incident  occurs,  collection  equipment  could  be  positioned  near  the  cape  to 
arrest  the  spread  of  surface  contaminants. 

Changes  in  seasonal  density  stratification  may  affect  vertical  move¬ 
ment  of  pollutants.  In  any  region,  regardless  of  season,  that  exhibits  a 
strong  density  gradient,  density  layers  in  the  upper  water  column  will  be 
shallower  than  in  regions  with  voaker  gradients.  This  density  layer  may 
act  as  a  "false  bottom"  vihere  material  accumulates,  migrates,  and  can 
possibly  surface  elsewhere.  If  the  water  column  is  homogeneous ,  pollutants 
lighter  than  the  ambient  density  may  easily  reach  the  surface.  However, 
pollutants  premixed  to  the  water  density  at  the  point  of  introduction  may 
mix  and  spread  within  that  density  layer  and  not  reach  the  surface. 

The  presence  of  same  pollutants  within  the  water  column  may  also  deplete 
aimbient  oxygen  through  oxidation  processes. 

Instability,  the  decrease  in  density  with  depth  in  the  water  column, 
will  increase  the  possibility  of  mixing  materials  within  the  surface  layers 
and  cause  more  rapid  sinking  to  the  layer  of  equal  density.  This  phenomenon 
is  observed  in  the  vicinity  of  the  Gulf  Stream  during  April  and  December, 
and  probably  is  caused  by  temporary  near-surface  temperature  inversions. 
Instability  is  more  persistent  in  the  coastal  region  and  near  the  Continental 
Shelf  edge,  especially  off  Cape  Hatteras. 

Where  unstable  water  is  present  at  mid-depjth ,  convective  mixing  occurs, 
and  a  pxallutant  at  these  levels  may  dissipate  more  rapidly.  Instability  in  the 
coastal  region  suggests  that  mixing  and  disppersion  of  materials  occurs  and 
distinct  layering  is  less  likely.  Sumner  appears  to  be  the  only  season  during 
which  instability  does  not  occur  in  the  coastal  region.  Disposal  plans 
should  include  consideration  of  stability,  which  can  be  determined  by  analysis 
of  a  thermal  profile. 

The  study  of  density  stratification  with  regard  to  pollutant  dispersal 
can  be  highly  useful,  however,  the  reliability  of  dispersion  predictions  is  a 
function  of  the  amount  and  quality  of  oceanographic  data.  The  density  data 
available  in  the  Area  are  limited. 

The  waters  of  the  Hampton  Roads/Norfolk  Operating  Area  support  an 
abundant  biota  which  contribute  significantly  to  the  economy  of  Maryland, 
Virginia,  and  North  Carolina.  With  the  exception  of  Georges  Bank,  the  area 
between  Cape  Cod  and  Chesapeake  Bay  contains  larger  volumes  of  phytoplankton 
and  zooplankton  than  any  other  temperate  coastal  area  on  either  side  of  the 
Atlantic.  The  abundance,  diversity,  and  biomass  of  the  benthic  organisms  on 
the  Continental  Shelf  in  the  Area  are  also  impressive. 


A  wide  variety  of  cxmnercially  valuable  fishes  and  shellfish  are  taken 
annually  in  the  Area.  In  1971,  the  catch  amounted  to  approximately 
280  million  pounds  with  a  market  value  of  nearly  $34,000,000.  Marine 
sport  fishing  is  a  large  recreational  activity  and  $183,000,000  is  spent 
annually  for  equipment,  transportation,  and  fees  (Bureau  of  Sport  Fisheries 
and  Wildlife,  1970) .  Figures  and  charts  outlining  the  fisheries  are  presented 
in  the  "Fisheries"  section. 

Currents  are  responsible  for  providing  the  necessary  nutrients  and  oxygen 
to  marine  organisms,  thereby  controlling  the  location  and  abundance  of 
herbivores  and  carnivores  (including  ccrmercially  valuable  fishes) .  Currents 
also  disperse  and  transport  pollutants,  thereby  producing  potential 
hazards  to  marine  organisms. 

For  example,  oil,  pesticides,  heavy  metals,  industrial  wastes,  and  dredge 
spoils  introduced  in  the  nearshore  waters  off  .Maryland  and  Delaware  will  be 
transported  sou thwes tward  along  the  Delmarva  Peninsula,  and  Virginia  and  North 
Carolina  coasts  and  endanger  the  biota  of  these  areas.  Material  sinking 
near  the  entrance  of  Chesapeake  Bay  may  be  swept  by  bottcm  currents  into 
the  bay.  Pollutants  spilled  or  dumped  off  Cape  Hatteras  will  be  transported 
northeasterly  by  the  Gulf  Stream,  where  pelagic  organisms  may  be  contaminated. 

Surface,  subsurface,  and  bottom  currents  probably  least  affect  introduced 
pollutants  seaward  of  the  Continental  Shelf  (100  £m  contour)  from  38°00'N, 

73°30'W  bo  38°00'N,  72°30'W  and  from  36°30’N,  74°00’W  to  37°00'N,  72°30'W.  In 
this  region,  depths  are  great  and  the  relatively  slow  currents  produce  a  net 
northeast  drift  out  of  the  Area. 

Additions  of  highly  acidic  or  highly  basic  materials  may  create  physiological 
stresses  upon  sane  organisms,  especially  if  a  pH  stress  is  acoompained  by 
some  other  simultaneous  and/or  synergistic  stress.  Basic  pH  conditions  increase 
the  precipitation  of  heavy  metals  and  thereby  possibly  increase  the  exgxasure 
of  benthic  animals  to  these  rretals. 

Dumping  of  dredge  spoils  and  other  activities  adjacent  to  shellfish  beds 
and  centers  of  primary'  productivity'  increase  the  turbidity  of  suriace  water  layers 
and  the  amount  of  suspended  material  which  together  can  lover  productivity  by 
reducing  the  penetration  of  sunlight  into  the  water  and  by  interfering  with 
filter- feeding  activities  of  benthic  and  planktonic  organisms.  The  detrimental 
effect  on  productivity  can  be  worsened  if  the  water  is  already  turbid  due  to 
meteorological  effects. 

Stresses  that  reduce  the  biemass  of  autotrophs  or  cause  a  loss  in  their 
production  efficiency  will  tend  to  decrease  the  productivity  of  the  entire 
ecosystem.  Decreases  in  primary  productivity  in  the  ouphotic  zone  will  be 
ref looted,  after  a  time  lag;  in  the  fish,  mammal,  and  invertebrate  population 
size.  Therefore,  populations  which  are  not  thanselves  directly  exposed  to 
pollution  may  be  affected  by  a  disturbance  of  productivity  in  a  distant  port 
of  the  food  chain. 
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ENVIRONMENTAL  ANALYSIS 


»  A.  Introduction 

In  Novanber  of  1971  the  Assistant  Secretary  of  the  Navy  for  Research  and 
Development  requested  initiation  of  studies  of  the  environmental  inpact  of 
*  naval  operations  and  maritime-generated  pollution  on  coastal  waters.  The  Offioe 

of  the  Oceanographer  of  the  Navy  tasked  the  U.S.  Naval  Oceanographic  Office 
to  prepare  this  report  as  a  prototype  marine-envirormental  planning  guide. 

A  team  of  oceanographers  examined  the  Hampton  Roads/Norfolk  Naval  Operating 
Area  (fig.  1) . 


FIGURE  1.  LOCATOR  CHART  OF  HAMPTON  ROADS  NORFOLK  STUDY  AREA 

Explicit  guidelines  are  necessary  for  the  control  of  pollutants  which 
degrade  or  endanger  human  health;  jeopardize  marine  life,  wildlife  populations, 
or  other  economic  resources;  and  inpair  recreational  and  aesthetic  values. 

Two  major  approaches  were  implemented  in  developing  the  planning  guide. 

The  first  is  a  detailed  description  of  the  environment  with  emphasis  on  the 
physical,  biological,  and  geological  processes  operative  in  the  Area.  The 
second  deails  with  the  interactions  of  possible  pollutants  with  these  processes, 
and  interpretations  and  applications  of  this  Information  as  it  relates  to 
good  environmental  quality  control  practices. 

The  planning  guide  is  intended  primarily  for  use  by  naval  at-sea  ccnmands, 
district  ccrmands,  and  Chief  of  Naval  Operations  (CNO)  levels  responsible  for 
initiating  sound  operational  and  disposal  practices  and  for  evaluating 
practicality  and/or  the  validity  of  future  disposal  standards.  The  guide  may 
be  utilized  by  Army  Corps  of  Engineers,  U.S.  Coast  Guard,  the  Environmental 
Protection  Agency  and  other  agencies  vhich  are  responsible  for  the  surveillance, 
control,  and  cleanup  of  pollutants.  State  and  local  agencies,  as  well  as 
private  corporations,  which  are  engaged  in  marine  disposal  operations  or 
oil  exploration,  will  find  this  planning  guide  valuable  for  assessing  possible 
effects  on  the  physical  and  biological  regimes  of  the  Area. 
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B.  Physical  Processes  Affecting  Surface  and  Subsurface  Dispersion 

1 .  Introduction 

The  major  physical  processes  important  in  formulating  acceptable, 
routine  disposal  practices  or  in  de terming  remedial  steps  to  control 
accidental  or  planned  spills  (i.e.,  oil  spills,  industrial  waste,  sewage, 
etc.)  in  the  Hampton  Roads/Norfolk  Cperating  Area  include  wind  effects, 
currents,  waves,  and  breakers. 

The  wind  generally  prevails  from  the  south  and  southwest  during  June, 

July,  and  August,  fran  the  north  and  northeast  during  September  and  October, 
and  from  the  north  and  northwest  from  November  through  March;  it  is  variable 
in  April  and  May.  Wind  waves  (sea)  and  wind  stress  generate  a  wind-drift 
current  which  is  usually  parallel  to  or  away  from  the  coast  approximately 
two-thirds  of  the  time  in  all  months  but  September  and  October.  The  wind- 
induced  flow  converges  on  shore  during  these  two  months. 

Three  distinct  areal  regimes  ware  delineated  by  the  application  of  Ekman's 
wind  drift  theory  (1905) :  A  wind-drift  regime  which  covers  most  of  the 
Continental  Shelf  and  is  most  extensive  in  winter,  an  offshore  regime  con¬ 
sisting  of  a  layer  of  uniform  motion  between  surface  and  bottom  layers  of 
frictional  influence,  and  a  transition  regime  separating  the  wind-drift  and 
offshore  regimes. 

All  the  major  types  of  currents  occur  in  the  Area.  The  Gulf  Stream 
sets  strongly  toward  the  northeast.  On  the  Continental  Shelf  north  of  Cape 
Hatteras,  there  is  a  permanent  south-setting  nontidal  current  with  very  little 
seasonal  change,  although  reversals  occur  at  times.  The  tidal  currents 
are  rotary  and  weak.  In  the  entrance  to  Chesapeake  Bay,  reversing  tidal 
currents  predominate  with  net  flaw  outward  at  the  surface  and  inward  frcm 
middepth  to  hot tern.  The  subsurface  currents  at  intermediate  depths  appear 
to  be  permanent  and  flaw  in  the  same  direction  as  surface  currents.  Bottan 
drift  tends  toward  the  southwest.  Surface  current  ellipses  will  aid  planners 
in  determining  search  areas  for  free  drifting  objects  and  contaminants  such 
as  oil  spills.  The  ellipses  provide  a  70  percent  probability  of  detection 
under  average  conditions. 

The  prevailing  direction  of  seas  in  the  Area  generally  coincides  with 
that  of  the  surface  winds.  Swsll  tends  to  be  from  the  north  and  northeast 
from  autumn  through  spring  and  fran  the  south  and  southwest  during  summer. 

During  winter  the  depth  of  wave  action  increases  as  the  wave  period  and 
height  increase.  Material  on  the  floor  of  the  Continental  Shelf  is  therefore 
more  likely  to  be  disturbed  and  transported  during  this  time.  In  addition, 
increased  vertical  mixing  resulting  frcm  subsurface  wave  motion  may  cause 
more  rapid  dispersal  of  pollutants. 

Along  the  coast,  breakers  and  longshore  currents  also  contribute  to 
the  transport  of  suspended  matter,  including  possible  pollutants, 
throughout  the  year. 

Storm  surges  associated  with  intense  cyclones  and  hurricanes  can 
raise  the  sea  level  appreciably  along  the  shore  and  force  water  pollutants 
into  low-lying  coastal  regions.  This  hazard  is  intensified  by  concurrent 
high  tides  and  onshore  winds. 


Offshore  pollutants  may  also  be  diffused  laterally  into  the  surface 
tongue  of  lew-salinity  water  that  flows  out  of  Chesapeake  Bay.  This 
process  is  most  pronounced  near  the  southern  entrance  to  the  bay  and  during 
spring. 

2.  Wind  effects 

a.  Surface  winds — Surface  winds  play  an  important  role  in  the 
transport  and  dispersal  of  pollutants.  Airborne  particles  may  be  transported 
in  any  direction  by  the  wind.  Floating,  dissolved,  or  suspended  pollutants 
may  also  be  moved  by  the  action  of  wind  on  the  water.  Contaminants  may  be 
mixed  into  the  water  to  various  depths  by  the  downward  transport  of 
momentum  initiated  by  the  surface  flow. 

Figure  A1  (Appendix  A)  shews  the  monthly  distribution  of  surface  winds 
for  eight  directions  and  five  speed  categories.  These  roses,  constructed 
from  wind  data  available  at  the  U.S.  National  Climatic  Center  (1972)  ,  provide 
an  indication  of  the  direction  and  speed  of  transport  of  airborne  particles 
such  as  harmful  dusts  and  contaminated  sprays.  For  example,  the  probability 
of  coastal  contamination  can  be  deduced  frem  the  frequency  of  onshore  winds. 

In  the  Hampton  Roads/Norfolk  Operating  Area,  surface  winds  generally 
] 'revail  from  the  north  and  northwest  frem  Woven  be  r  through  March,  from  the 
south  and  southwest  frem  June  through  August,  and  frem  the  north  and  northeast 
during  September  and  October.  The  direction  is  most  variable  in  April  ard 
May.  Airborne  particles  are  thus  more  likely  to  float  seaward  than  coastward 
in  all  months  but  September  and  October.  However,  the  frequency  of  landward 
winds  is  at  least  15  percent  even  during  winter.  For  example ,  during 
February,  the  month  of  strongest  winds,  the  flow  is  directly  offshore 
(northwest  and  west)  37  percent  of  the  time  along  the  northern  beaches. 

During  August,  these  values  are  respectively  11  and  21  percent. 

Figure  Al  also  gives  the  frequency  of  various  speed  categories. 

Thus,  gale-force  winds  (3? 34  knots)  are  most  likely  frem  October  through 
March  and  are  usually  directed  seaward.  Such  winds  are  usually  associated 
with  intense  coastal  storms  between  late  autumn  and  midspring,  and  with 
tropical  storms  in  sunnier  and  early  autumn.  The  roses  also  give  the 
frequency  of  calms.  In  this  Area,  this  "stagnation  index"  is  greatest  in 
suitmer  and  least  in  winter. 

Wind  stress,  an  important  parameter  in  meteorological  and  oceanographic 
investigations,  is  a  measure  of  the  force  exerted  by  low-level  winds  on  the 
sea  surface.  It  is  one  of  the  variables  entering  in  the  calculation  of  wind 
drift.  The  wind  stress  relationship  is  expressed  by  the  following  quadratic 
resistance  law: 

r  =  p  Cd  V2 

Where  t  is  the  wind  stress  in  dynes/cm2 
p  is  the  air  density'  in  gm/an^ 

Cd  is  the  drag  (or  resistance)  coefficient  (dimensionless) 

V  is  the  horizontal  downstream  wind  velocity  in  cm/sec 

The  drag  coefficient  is  usually  assumed  to  be  a  function  of  wind 
velocity.  The  following  simple  relationship  was  chosen  from  among  the  many 
available  because  it  best  suited  the  available  wind  data  (i.e.,  according  to 


Beaufort  speed  categores) : 


For  V  <  670  at\/sec  (Beaufort  0-3)  ,  Cd  =  0.8  x  10~3 

V  =  670  an/sec  (Beaufort  4) ,  Cd  =  1.7  x  10"3 

V  -^  670  cm/sec  (Beaufort  5-i2)  ,  Cd  =  2.6  x  10-3 

The  mean  air  density  (1.22  x  10-3  gm  an-3)  was  calculated  frcm  the  following 
equation  (Hellerman,  1967) : 

p  =  (0.0022  <f>  +  1.136)  x  10'3 

Where  <f>  is  the  latitude  in  degrees. 

The  calculations,  which  we  re  performed  according  to  the  method  outlined  in 
the  literature  (Scripps  Institution  of  Oceanography,  1948) ,  yielded  a  field 
of  vectors  for  each  month  (fig.  A 2) . 

The  resultant  wind  stress  direction  is  generally  eastward  or  southeast¬ 
ward  from  November  through  April,  variable  in  May,  and  north  or  northeastward 
during  June,  July,  and  August,  with  increasing  magnitude  toward  the  southeast. 
The  wind  stress  is  southwestward  during  September  and  southward  with  magnitude 
increasing  shoreward  in  October.  Thus,  the  resultant  wind  stress  is  onshore 
only  during  Septanber  and  October,  and  only  in  September  is  the  resultant 
stress  directed  toward  the  coast  along  its  entire  length. 

It  should  be  emphasized  that  the  wind  stresses  depicted  here  represent 
vectorial  summaries  of  all  observed  stresses.  Although  deflected  away  frcm 
the  shore  much  of  the  time,  the  surface  water  may  nevertheless  be  directed 
shoreward  for  several  days  in  a  row  by  the  winds  of  stagnating  pressure  systems 
(e.g. ,  the  March  1962  "Great  Atlantic  Coast  Storm") .  The  longer  a  lew-pressure 
system  remains  in  or  south  of  this  Area  and  the  greater  its  size,  the  more 
likely  that  the  surface  waters  and  therefore  any  pollutants  will  be  forced 
toward  the  beaches. 

On  a  short-term  basis,  wind  stresses  are  directed  shoreward  "ahead"  of 
northward-moving  coastal  lews.  These  extratropical  cyclones  are  particularly 
frequent  frcm  late  autumn  through  early  spring,  many  of  them  originating  in 
the  region  near  Cape  Hatteras.  The  likelihood  of  coastward  and  seaward  wind 
stresses  can  be  deduced  frcm  the  wind  roses  in  figure  Al. 

b.  Wind  drift-The  wind  sweeping  over  the  surface  of  the  sea 
generates  a  drift  current  which  combines  the  transport  due  to  the  wind  stress 
and  that  resulting  frcm  wind  waves  ("sea")  .  This  wind  effect,  or  "wind 
drift  current,"  is  additive  to  any  existing  current. 

Since  continuous  wave  and  wind  data  were  not  available,  the  wind  drift 
current  was  determined  graphically  from  historical  wind  data  (James,  1966)  , 
urder  the  assumption  of  fully  developed  conditions  (i.e.,  that  the  current  has 
reached  its  maximum  attainable  speed) .  Thus,  the  speeds  shewn  on  the  drift 
roses  (fig.  A3)  represent  the  maximum  possible  wind  drift,  a  criterion  met 
only  when  both  the  fetch  and  wind  duration  exceed  certain  threshold  values. 

The  higher  velocities  occur  only  if  the  duration  of  the  wind  and  the  fetch  are 
long  enough  to  generate  maximum  conditions.  For  this  reason,  the  magnitudes 
of  the  wind  drift  current  along  the  coast  were  attenuated  to  reflect  the 
shortened  fetches  resulting  frcm  the  brief  over-water  trajectory  of  offshore 
winds. 
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The  directional  frequency,  which  is  independent  of  speed  (i.e.,  the 
length  of  the  rose  arms)  ,  remains  constant  whatever  the  wind  speed.  Thus, 
when  wind  speeds  are  not  sustained  over  the  required  ]x:riod,  drift  current 
will  be  less  than  indicated  in  figure  A3. 

The  angle  of  drift  was  assumed  to  be  35°  to  the  right  of  the  wind 
direction,  probably  10°  to  15°  too  far  in  the  clockwise  direction.  The 
selection  of  this  value  resulted  from  the  coarseness  of  the  original  data. 

The  maximum  wind  drift  values ,  determined  by  the  above  method,  were  plotted 
in  figure  A3  as  current  roses  whose  arms  indicate  the  direction  toward  which 
the  current  is  flowing. 

The  following  categories  ware  used  to  determine  the  values  of  wind-drift 


currents: 

Wind  speed, 
Beaufort 

Maximum  wind  drift 
current  (knots) 

Required 
durat ion  ( hours ) 

Required 
fetch  (miles) 

1-  3 

-■  0-0.19 

4-6 

15-*'  25 

4-  5 

0.20  -  0.49 

6-14 

25—  125 

6-  7 

0.50  -  0.89 

14-28 

125--  375 

8-12 

>  0.90 

28-50 

37 5- -1000 

In  general ,  the  wind-drift  current  is  predominantly  southward  to 
southeastward  from  November  through  March,  northeastward  to  eastward  from 
April  through  August,  and  southwestward  to  westward  in  September  and  October. 
Thus,  the  current  is  usually  directed  parallel  to  or  away  from  the  ooast  about 
two-thirds  of  the  time  in  all  months  but  September  and  October.  During  most  of 
the  year,  any  surface  pollutant  will  eventually  be  forced  offshore  into  the 
Gulf  Stream  at  sane  point  along  its  course;  the  rate  of  transport  increases 
frcm  northwest  to  southeast.  During  September  and  October,  the  wind-induced 
flow  tends  to  move  surface  pollutants  toward  the  coast  more  rapidly  as  distance 
to  shore  decreases. 

c.  Ekman  elementary  model — Surface  winds  are  a  determining  factor 
in  the  layering  of  coastal  waters.  In  general,  this  region  consists  of 
three  distinct  regimes  whose  horizontal  and  vertical  extents  are  delimited  by 
the  mean  wind  speed  and  its  resultant  depth  of  frictional  influence.  A 
homogeneous  wind-drift  regime  within  the  southward  extension  of  the  Labrador 
Current  extends  seaward  frem  the  shore;  beyond  this  boundary,  a  transition  zone 
leads  into  a  fully  developed  offshore  regime  that  is  daninated  by  the  Gulf 
Stream  (fig.  2) . 

The  wind-drift  regime  is  a  relatively  shallow  region  whose  circulation 
at  all  depths  is  generally  determined  by  the  mean  surface  winds.  In  the 
presence  of  other  currents,  as  in  this  region,  the  wind  drift  is  added 
vectorially  bo  the  permanent  circulation,  reinforcing  it  when  the  directions 
coincide,  weakening  it  when  the  directions  are  opposed.  The  wind-drift  zone 
is  defined  as  that  region  where  the  total  water  depth  (d)  is  less  than  one- 
half  the  depth  of  influence  (D) . 

The  offshore  regime  is  a  three-layered  region  whose  depth  is  more  than 
twice  the  frictional  depth  (fig.  2).  This  regime  consists  of  a  geostrophic 
layer  whose  flew  is  generally  constant,  sandwiched  between  surface  and  bottem 
frictional  layers  whose  flews  arc  determined  ly-  the  Ekman  theory’. 
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The  transition  regime,  bounded  by  water  whose  depth  lies  between 
D/2  and  2  D,  separates  the  wind-drift  regime  fran  the  offshore  regime. 


The  depth  of  frictional  influence,  D,  is  represented  by  the  following 
general  equation  (Neumann  and  Pierson,  1966) : 

/  A 

D  =  w  y  P<*>  Siri(f> 

Where  A  is  the  coefficient  of  eddy  viscosity  in  gm  an-1  sec"' 
p  is  the  density  of  sea  water  in  gm/cm3 
m  is  the  angular  velocity  of  the  earth 
(7.2921  x  1CT5  rad/sec) 

<f>  is  the  latitude  in  degrees. 

Because  of  the  difficulty  in  determining  the  variables  in  available 
aquations,  Thorade  (1914)  derived  the  following  expression  for  wind  speeds 
in  excess  of  6  meters  per  second: 

7.6  V 

D  =  (Sin  (jo)  i/2 

Where  D  is  the  depth  of  frictional  influence  in  meters 
V  is  the  mean  wind  speed  in  meters  per  second 
is  the  latitude  in  degrees. 

Thorade  (1914)  established  a  different  relationship  for  low  wind  speeds 
(-  6  meters  per  second) : 

JL67  ^3/2 
D  =  (Sin  4>)  V2 


Where:  D  is  the  depth  of  frictional  influence  in  meters 
V  is  the  mean  wind  speed  in  meters  per  second. 

Mean  and  maximum  depths  of  frictional  influence  were  calculated  from 
the  wind  data  (U.S.  National  Climatic  Center,  1972) .  Average  seasonal 
conditions,  which  are  most  likely  during  prolonged  periods  of  high  winds, 
were  derived  from  the  50th-perccntilc  wind  speed;  maximum  seasonal 
conditions,  which  are  most  likely  during  prolonged  periods  of  high  winds, 
were  derived  from  the  95th- percentile  wind  speed. 

The  surface  limits  of  the  three  regimes  discussed  above  are  delineated 
in  figure  2  for  four  months  representative  of  each  season.  This  illustration 
shews  that  the  boundaries  of  the  wind-drift  regime  fluctuate  widely  during 
the  year  owing  to  the  relative  shallcwness  of  the  water  over  tlx?  Continental 
Shelf.  The  vdnd-drift  regime  is  most  extensive  in  winter,  when  it  covers 
much  of  the  Continental  Shelf,  and  least  extensive  in  simmer,  when  it  is 
restricted  to  a  narrow  coastal  strip. 

The  boundary  between  the  offshore  and  transition  regimes  fluctuates 
only  slightly  during  the  year,  frem  just  shoreward  of  the  100-fathan  contour 
in  summer  to  a  short  distance  beyond  it  in  winter.  Thus,  the  three- layered 
system  is  assumed  to  be  fully  established  at  the  100-fathan  isobath. 

The  transition  zone,  whose  structure  also  is  determined  to  a  large  extent 
by  the  surface  wind,  is  whdest  in  summer  and  narrowest  in  winter.  Thus,  the 
surface  wind  plays  a  major  role  in  establishing  the  vertical  circulation  of 
the  water  within  the  100- fathom  isobath,  particularly  during  winter. 
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FIGURE  2  EKMan  CURRENT  REGIMES 


FIGURE  2  EKMAN  CURRENT  REGIMES  (CON  ) 


3 .  Currents 


a.  Surface  currents 

(1)  Non tidal — The  surface  currents  in  the  southeast  part  of 
the  Area  (Boisvert,  1967) ,  east  of  a  line  connecting  38°N,  74°W  and  Cape 
Hatteras,  are  part  of  the  Gulf  Stream  which  sets  northeast  throughout  the 
year  with  minor  changes  in  direction  (fig.  3)  .  The  speeds  vary  slightly 
seasonally  and  are  higher  during  summer  than  in  the  other  seasons.  Highest 
speeds,  generally  ranging  between  2.0  and  3.9  knots,  are  in  an  8-  to  10-mile¬ 
wide  axis. 

The  mean  axis  of  the  Gulf  Stream  passes  through  34°36'N,  75°05'W, 
according  to  surface  ship  drift  observations  recorded  along  a  straight-line 
track  between  the  Bahamas  and  Cape  Hatteras.  The  axis  changes  position  daily 
(Fisher,  1973) ,  but  seasonal  changes  occur;  from  March  through  August  it  is 
located  at  about  34°34'N,  from  September  through  November  at  about  34°35'N,  and 
from  December  through  February  at  34°40'N,  with  sots  between  031°  and  070T. 

Observations  for  the  1°  quadrangle  34°-35°N,  75°-76°W  show  only  a  slight 
seasonal  change  in  direction.  In  simmer,  mean  speed  is  higher  by  0.2  knot, 
and  the  frequency  of  the  northeast  flew  is  greater  by  about  4  percent  than 
during  winter.  During  all  months,  the  current  in  this  quadrangle  sets  northeast 
77  to  95  percent  of  the  time;  mean  speed  is  2  knots  and  maximum  speed  more 
than  5  knots. 

The  surface  currents  in  the  northwest  portion  of  the  Area  set  southwest 
along  the  coast  (fig.  3) .  This  coastal  current  originates  from  a  branch 
of  the  Labrador  Current  which  flows  clockwise  around  the  southeast  tip  of 
Newfoundland  and  generally  is  referred  to  as  the  Labrador  Current  Extension. 
Speeds  are  fairly  constant  throughout  the  year  and  average  about  0.6  knot. 

The  greatest  seasonal  fluctuation  apt  oars  to  be  north  of  the  Area;  south  of 
38°N  to  Cape  Hatteras,  the  current  shows  very  little  seasonal  change. 

Surface  currents  are  also  shown  by  seasonal  roses  (fig.  4)  comprised  of 
ship  drift  data  (U.S.  Naval  Oceanographic  Office,  unpublished  data)  summarized 
for  nearly  homogeneous  regions.  The  roses  define  the  percent  f recjuency  of 
flew  by  specific  speed  categories  in  each  of  eight  compass  directions. 

(2)  Tidal — Over  the  Continental  Shelf  north  of  Cape  Hatteras, 
the  tidal  currents  are  rotary  and  weak  as  descrilxxl  in  figure  5.  The  currents 
in  the  entrance  to  Chesapeake  Bay  mainly  are  strong  reversing  tidal  currents 
(see  tabulations,  figure  5) .  The  currents  exhibit  a  net  outward  flow  at  the 
surface  and  a  net  inward  flew  from  middepth  to  the  bottom. 

(3)  Model  of  dispersal  trajectories — Surface  current  data  also 
are  used  to  derive  surface  drift  ellipses  (fig.  6).  The  ellipses  arc  used 
primarily  as  a  first  order  approximation  of  search  areas  for  free  drifting 
objects  and  contaminants  such  as  oil  spills,  wastes,  etc.  The  injxjt  data 
consist  of  summarized  surface  current  observations  depicting  variability  of 
flew.  The  methods  are  programmed  according  to  Pritchard  (1947)  ,  Burns  (1965) , 
and  Yergen  (1962). 

The  ellipses  are  closely  related  to  the  surface  current  roses  (fig.  4) 
and  are  elongated  in  the  direction  of  prevailing  flow.  The  ellipse  technique 
designates  an  axis  of  regional  search  under  average  meteorological  conditions 
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FIGURE  4  SURFACE  CURRENT  ROSES 
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FIGURE  5.  TIDAL  AND  SUBSURFACE  CURRENTS 
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for  24  or  48  hours  in  order  to  effect  a  70  percent  probability  of  detection. 


Recent  information  concerning  surface  currents  and  meteorological 
conditions  should  be  used  in  planning  search  operations;  however,  if  such 
inform tion  is  not  available,  figure  6  may  be  used.  To  use  ellipses,  a 
tracing  of  the  ellipse  for  the  appropriate  region  is  placed  on  figure  6  with 
the  dot  over  the  point  frcm  which  the  search  is  to  begin.  When  local  wind 
conditions  are  known  to  differ  greatly  frcm  the  mean  wind  conditions  in  any 
region,  the  region  of  search  should  be  extended  in  the  direction  of  the  local 
wind  current. 

b.  Subsurface  currents 

(1)  Intermediate  depths — On  the  basis  of  sparse  data,  subsurface 
currents  appear  to  have  permanent  features  similar  to  surface  currents. 

Current  speeds  are  probably  higher  during  surrmer  than  during  other  seasons. 

Although  current  measurements  have  not  been  obtained  near  the  bottom 
directly  beneath  the  axis  of  the  Gulf  Stream,  deep  observations  indicate 
that  the  current  flows  in  essentially  the  same  direction  frcm  the  surface  to 
bottom;  and  computations  show  that  the  current  speed  at  the  bottom  is 
probably  as  high  as  0-2  knot.  For  example,  in  1960  direct  measurements 
obtained  outside  the  Area  near  38°30'N,  74°30'W  at  depths  of  about  3,000 
meters  show  the  flow  to  be  about  0.2  knot  in  the  same  direction  as  the 
surface  current. 

Data  obtained  in  1962,  indicate  a  deep  southwest  flew  near  the  bottom 
along  the  continental  slope  at  depths  be lew  800  meters  with  speeds  up  to 
0.4  knot  (fig.  7).  There  appears  to  be  a  well-defined  boundary  between 
this  current  and  the  northeast- flowing  Gulf  Stream  a  few  miles  to  the  east. 

The  observed  southwest  set  does  not  appear  directly  beneath  the  Gulf  Stream 
axis  but  is  probably  part  of  the  coastal  Labrador  Current  Extension  that 
frequently  sets  southwest  past  Cape  Hattcras.  In  the  vicinity  of  35°00'N, 
74°30'W,  belcw  2,300  meters,  there  is  also  evidence  of  southwest  flow  near 
the  bottom. 


(2)  Bottom  drift — Inferred  }»ttom  drift  (Harrison  et  al., 

1967)  is  shown  in  figure  8.  Seabed  drift  bottles  were  released  frcm  June 
1963  through  October  1964  over  the  Continental  Shelf  to  make  estimates  of 
bottem  drift  trajectories  between  shore  and  the  183-meter  isobath.  Recovery' 
of  the  drifters  indicated  that  bottem  drift  exhibits  areal  and  monthly  varia¬ 
tions  but  tends  southwest,  irrespective  of  the  season  and  direction  of  surface 
flow.  The  inferred  bottem  drift  toward  Chesapeake  Bay  is  probably  related  to 
changes  in  river  discharge  and  seasonal  prevailing  winds.  The  speed  of  bottem 
drift,  estimated  to  be  highest  when  tire  water  column  is  not  thermally  strati¬ 
fied,  increases  offshore  to  the  edge  of  the  Continental  Shelf. 

4.  Waves  and  breakers 

a.  Sea  and  swell — The  action  of  the  wind  on  the  sea  generates 
waves.  "Sea"  refers  to  waves  that  are  formed  locally  and  "swell"  to  waves 
that  travel  into  this  Area  from  distant  storms.  Because  of  the  variety  of 
observing  and  coding  practices  over  the  years,  the  data  are  available  in 
several  forms.  For  example,  the  sea  and  swell  information  discussed  lx? low 
are  less  accurate  but  mere  numerous  than  the  wave  data  (U.S.  National 
Climatic  Center,  1972)  which  are  presented  later. 
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FIGURE  7  SUBSURFACE  FlOW  IN  THE  VICINITY  OF  THE  GULF  STREAM 
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(1)  Sea — The  following  approximations  may  be  used  to  determine 
the  anticipated  height  (vertical  distance  frcm  crest  to  trough)  of  a  sea  from 
observed  wind  conditions: 


Wind  speed 

Sea  height 

Wind  speed 

Sea  height 

(knots) 

(meters) 

(knots) 

(meters) 

1 

0 

28-33 

4.3 

1-  3 

0.1 

34-40 

5.5 

4-  6 

0.2 

41-47 

7.0 

7-10 

0.7 

48-55 

8.8 

11-16 

1.2 

56-63 

11.3 

17-21 

1.8 

64-71 

13.7 

22-27 

3.1 

In  general,  seas  begin  to  break  at  a  height  of  about  0.6  meter,  eject  spray 
at  about  1.8  meters,  and  frequently  beoane  covered  with  whitecaps  at  3.0  meters. 
Windblown  streaks  of  foam  which  first  appear  when  seas  exceed  4  meters,  steadily 
thicken  with  increasing  height.  Above  7  meters  the  combined  foam  and  spray 
severely  restrict  visibility.  Various  sources  provide  more  accurate  methods 
for  determining  coastal  wave  heights  and  periods  frcm  the  wind  speed,  duration, 
and  fetch  (e.g.,  Derbyshire  and  Draper,  1963;  U.  S.  Army  Coastal  Engineering 
Research  Center,  1966) . 

The  sea  conditions  are  illustrated  in  figure  9  as  two  sets  of  roses.  In 
the  offshore  (east  of  75°W)  region  each  rose  arm  shews  the  percent  frequency 
of  seas  from  the  quadrant  centered  on  the  cardinal  direction.  For  example,  in 
the  southeast ,  35  percent  of  all  observed  seas  have  a  northerly  component 
(i.e.,  directed  southward)  during  January.  Also  included  in  the  rose  is 
the  mean  height  (1.1  meters) ,  which  approximates  the  median  height  through¬ 
out  the  Area,  and  the  frequency  of  calm  seas  (1  percent) . 

In  the  nearshore  region,  the  roses  are  rotated  to  conform  with  the 
coastal  configuration  in  order  to  provide  a  better  measure  of  the  relative 
frequency  of  onshore,  offshore,  and  longshore  seas.  Thus,  along  the 
southern  Virginia  beaches  during  January’,  the  frequency  of  seas  with  an 
offshore  component  is  27  percent  and  that  of  seas  with  an  onshore  component 
is  16  percent.  In  general,  seas  are  lower  nearshore  than  offshore. 

'lie  prevailing  direction  of  seas  generally  coincides  with  that  of  the 
surface  winds:  north  to  nortliwest  frcm  November  through  March,  variable  in 
April  and  May,  south  to  southwest  frcm  June  through  August,  and  north  to 
northeast  in  September  and  October. 

(2)  Swell — Median  swell  conditions  are  surrmarized  in  figure  10. 

To  avoid  repetition  of  figure  A4,  which  includes  many  swell  observations, 
figure  10  was  simplified  to  depict  only  the  prevailing  (modal)  direction, 
an  envelope  encompassing  50  percent  of  the  directions,  and  the  mean  height. 

Thus,  off  Gape  Hatteras,  northeast  swells,  with  an  average  height  of  1.3 
meters,  are  most  frequent  during  January  (17  percent  of  the  observations) . 

Half  of  the  observed  swells  originate  from  the  offshore  directions  of 
northwest  through  southeast.  The  remaining  50  percent ,  besides  encompassing 
the  remaining  directions,  also  include  observations  of  negligible  and  no  swell. 

Swell,  which  by  definition  is  generated  outside  the  area,  is  more 
likely  to  be  directed  onshore  than  seaward.  During  winter,  swell  usually 
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ananates  from  intense  extratropical  cyclones  located  to  the  north  and  northeast. 
During  sunmer,  swell  frequently  is  derived  frcm  the  persistent  southerly  to 
southwesterly  winds  of  the  subtropical  high.  However,  it  is  often  refracted 
shoreward  in  the  region  north  of  Cape  Hatteras .  Swell  is  highest  during 
autumn  and  winter.  Mean  height  during  the  period  September  through  February 
increases  from  about  0.9  meter  in  the  northwest  to  about  2.0  meters  in  the 
southeast . 


b.  Waves — When  no  distinction  is  made  between  sea  and  swell ,  the 
resulting  observation  is  categorized  as  a  "wave."  The  resulting  wave  data 
(U.  S.  National  Climatic  Center,  1972)  were  analyzed  for  height,  period,  and 
direction. 

Tie  relation  between  wave  heights  and  periods  is  depicted  in  figure  11. 
These  diagrams  reveal  a  preponderance  of  lev;  waves  of  short  period  and  a 
corresponding  low  frequency  of  long  waves  in  this  Area.  This  condition  is 
characteristic  of  locally  generated  waves.  The  superimposed  curves  of  wave 
steepness  (ratio  of  wave  height  to  wavelength)  provide  an  index  of  the 
relative  frequency  of  developing  waves  (sea)  versus  diminishing  waves  (swell) . 
For  example ,  the  frequency  of  developing  waves,  with  a  steepness  ratio 
equal  to  or  greater  than  1:20,  is  greatest  in  the  southeast  and  least  in  the 
northwest,  whereas  the  frequency  of  diminishing  waves,  with  a  steepness  ratio 
less  than  1:60,  is  greatest  along  the  Virginia  beaches  and  least  in  the 
southeast.  Waves  also  become  increasingly  steep  as  height  (H)  approaches 
depth (d)  and  begin  to  break  at  H  =  1.3d.  Breaking  waves  resulting  frcm  strong 
winds  generally  accelerate  the  horizontal  mixing  of  foreign  particles. 

The  height-direction  relationship  of  waves  is  shown  in  figure  A4.  These 
eight-directional  roses  generally  reflect  the  predominant  wind  field:  northerly 
to  northwesterly  frcm  November  through  March,  variable  in  April  and  May, 
southerly  or:  southwesterly  from  June  through  August,  and  northerly  to 
northeasterly  in  September  and  October.  As  a  result,  waves  tend  to  be  offshore 
in  all  months  but  September  and  October. 

Surface  waves  are  highest  frcm  January  through  March.  About  4  to  7 
percent  of  all  waves  exceed  3.75  meters  in  the  eastern  part  of  tire  Area  during 
winter  compared  with  about  2  percent  along  the  coast.  Waves  are  lowest 
during  summer  when  heights  in  excess  of  3.75  meters  are  rare  and  confined 
to  deep-water  regions.  A  theoretical  study  (Them,  1971)  based  on  13  years  of 
North  Atlantic  data  shews  that  significant  wave  heights  as  high  as  9.1,  11.0, 
12.2,  and  13.1  meters  may  be  expected  at  Ocean  Weather  Station  (OWS)  "E" 

(35°N,  48°W)  about  once  in  2,  10,  25,  and  50  years,  respectively.  For  the 
same  recurrence  intervals,  extreme  heights  of  16,  20,  22,  and  24  meters  are 
theoretically  possible.  However,  the  only  reports  of  mountainous  waves 
(exceeding  12  meters)  in  this  area  were  associated  with  the  "Great  Atlantic 
Coast  Storm"  of  March  1962.  During  this  prolonged  storm,  the  SS  "Texaco 
California"  (37.8°N,  74.5°W)  was  pounded  by  13.7-meter  waves  from  the  north- 
northeast  in  50-knot  winds  and  Chesapeake  Lightship  (36°59'N,  75°42'W) 
was  damaged  by  a  15.2-meter  wave  (Cooperman  and  Roserxlal,  1962) . 

High  waves  my  persist  for  several  days,  particularly  during  winter. 

The  analysis  for  4  years  of  continuous  wave  data  for  Chesapeake  Lightship 
and  Diamond  Shoals  Lightship  (35°05'N,  75°20'W)  indicates  that  waves  may 
exceed  3.7  meters,  2.7  meters,  and  1.8  meters  for  as  long  as  60,  90,  and 
110  hours,  respectively  (Kipper  and  Joseph,  1963) .  Such  persistent  high 
waves  will  rapidly  disperse  pollutants,  both  horizontally  and  vertically. 
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FIGURE  10.  MEDIAN  SVVEU  (CON.) 
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FIGURE  11  WAVE  HEIGHTS  AND  PERIODS 
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Long-period  waves  generated  by  distant  winds  often  extend  to  great 
depths.  In  general,  the  greater  the  period  and  height,  the  greater  the  depth 
of  penetration,  with  a  resulting  greater  likelihood  that  the  bottom  will 
be  disturbed.  This  subsurface  wave  motion  also  causes  increased  vertical 
mixing  and  a  more  rapid  dispersal  of  pollutants.  The  percent  frequency  of 
waves  touching  bottom  is  shown  seasonally  in  figure  12.  This  illustration 
indicates  that  the  deepest  penetration  occurs  in  winter. 

c.  Breakers  and  longshore  currents — Waves  approach  the  coast  with 
varying  steepness  characteristics,  as  shown  in  figure  13.  Breakers  form 
when  this  steepness  exceeds  a  certain  threshold.  Plunging  breakers  are 
observed  in  regions  of  rapidly  shoaling  bottoms  which  can  be  hazardous  to 
swimmers  and  damaging  to  boats  and  marine  structures.  Spilling  breakers 
also  occur  along  this  coast  but  are  less  dangerous.  In  this  Area  the 
median  depth  of  the  breaker  zone  (i.e.,  the  depth  at  which  waves  begin  to 
break  50%  of  the  time)  is  close  to  the  beach  in  depths  of  0.9  to  1.3  meters. 

Breaking  waves  produce  longshore  currents  which  flow  parallel  to  the 
coast  and  inside  the  breaker  zone.  These  currents  are  usually  less  than 
30  an  per  sec,  but  may  exceed  100  cm  per  sec.  Characteristic  values  of 
breaker  heights  and  their  associated  longshore  currents  were  calculated 
for  nine  coastal  locations  and  two  conditions,  i.e.,  those  leading  to 
"southward"  and  "northward"  longshore  currents,  respectively.  ("Southward" 
and  "northward"  currents  refer  to  flows  that  are  directed,  respectively,  to 
the  left  and  to  the  right  of  an  observer  facing  the  shore.)  These  results 
are  tabulated  in  figure  13. 

As  an  example  of  the  use  of  the  table,  Beach  A  with  a  relatively  gentle 
slope  of  1:180(0.0056)  has  during  January  a  characteristic  southward  longshore- 
current  speed  of  33  cm  per  sec  which  is  exceeded  6  percent  of  the  time. 

This  current  is  generated  by  78-an  breakers.  The  maximum  longshore-current 
speed  of  44  cm  per  sec  is  associated  with  a  breaker  height  of  244  cm.  The 
maximum  speed  of  any  longshore  current  in  the  Area  is  189  cm  per  sec  at 
Beach  C2  during  August,  and  the  maximum  breaker  height  is  439  cm  at  Beach  F 
during  January.  At  Beach  A  longshore  currents  flew  northward  and  southward 
with  equal  frequency  in  all  months  except  July  through  September  at  which 
time  they  are  primarily  southward.  The  currents  throughout  the  year  flew 
predominantly  northward  (to  the  right)  at  Beaches  B,  G,  and  H,  and  southward 
(to  the  left)  at  Beaches  Cl,  C2,  D,  E,  ard  F. 

Breakers  thoroughly  mix  all  suspended  matter  and  pollutants;  longshore 
currents  subsequently  transport  this  material  laterally.  The  combination  of 
current  velocity,  beach  gradient,  and  breaker  height  also  determines  the 
amount  of  beach  erosion  and  the  rate  of  particle  deposition  on  submarine  ridges, 
shoals,  and  other  underwater  obstructions.  Any  realistic  prediction  of  rate 
and  quantity  of  transported  material  depends  on  further  research. 

d.  Storm  surges — The  storm  surge  that  usually  accompanies  intense 
storms  my  appreciably  raise  the  sea  level,  especially  when  reinforced  by  high 
tides  and  onshore  winds.  Storm  surges  often  flood  lew-lying  coastal  areas 
leaving  water-borne  pollutants  in  their  wake,  and  damage  coastal  structui  es 
ard  beaches.  The  height  of  a  storm  surge  increases  with  increasing  wind  stress 
and  decreasing  water  depth.  During  hurricanes  it  may  be  further  increased  by  a 
sharp  decrease  in  atmospheric  pressure.  In  this  Area  one  hurricane  or  near¬ 
hurricane,  attended  by  a  storm  surge,  can  be  expected  every  2  or  3  years, 
usually  between  August  and  October  (Cry,  1965). 


Studies  of  the  basic  properties  of  storm  surges  and  on  methods  of  fore¬ 
casting  their  severity  include  Bodine,  1971;  Harris,  1959  and  1963;  Graham 
and  Nunn,  1959;  Nickerson,  1971;  and  U.  S.  Army  Coastal  Engineering  Research 
Center,  1966.  Storm  surges  as  high  as  4.8  meters  (Jelesnianski,  1972)  are 
theoretically  possible  along  this  coast;  however,  actual  measurements  are 
more  conservative.  For  example,  sea  level  rises  of  about  1.7  meters  occurred 
at  Norfolk,  Virginia,  during  the  March  1962  storm  (Cooperman  and  Rosendal,  1962) , 
and  at  Nags  Head,  North  Carolina,  during  Hurricanes  Diane  (August,  1955)  and 
lone  (September,  1955);  and  a  1.3-meter  water-level  increase  was  recorded 
along  Virginia  Beach  during  Hurricane  Donna  in  September  1960  (Harris,  1963). 
Higher  values  have  been  reported  inside  Chesapeake  Bay  and  in  local  waterways. 

5.  Eddy  diffusivity 

The  horizontal  coefficient  of  eddy  diffusivity  (k)  is  a  measure 
of  the  lateral  exchange  of  dissolved  matter.  It  is  expressed,  in  its 
simplified  form  as: 

Vds/  x 
k  =  <J2s/ay2 

Where:  V  is  the  mean  speed  of  the  surface  current 

ds/dx  is  the  gradient  of  the  property  in  the  direction  of  flow 
d s/dy  is  the  change  in  the  gradient  of  the  property  in  the  direction 
perpendicular  to  the  flow. 

Calculations  based  on  observed  gradients  of  salinity  near  the  entrance  to 
Chesapeake  Bay  yield  values  of  k  that  range  between  0.6  to  1.4  x  10B  am2  sec-1 
in  summer  and  1.2  to  2.6  x  108  cm2  sec-1  in  spring.  These  estimates  are 
comparable  in  magnitude  to  those  determined  by  Neumann  and  Sbatmel  (Neumann 
and  Pierson,  1966)  for  the  highly  dispersive  waters  of  the  Gulf  Stream 
(respectively,  2.3  x  108  and  5  x  108  cm2  sec~').  It  is  therefore  apparent 
that  concentrations  of  dissolved  matter  introduced  in  local  waters  will 
be  rapidly  dispersed  by  the  eddying  action  of  the  Chesapeake  Bay  outflow. 
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FIGURE  13.  BREAKERS  AND  LONGSHORE  CURRENTS 
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C.  Seawater  Properties  Affecting  Dispersion 

1 .  Introduction 

In  this  guide,  the  coastal  (Continental  Shelf)  region  is  bounded  by 
the  100-fathan  (183-meter)  isobath;  the  offshore  region  is  seaward  of  this 
isobath.  Bays,  inlets,  and  sounds  are  not  included  in  the  data  presentations. 

Tarperature  is  presented  in  degrees  Celsius  (°C) ,  salinity  in  parts  per 
thousand  (o/oo)  ,  density*  in  units  of  sigma-t  (dj),  and  oxygen  in  ml/1. 

Seasons  used  here  are  defined  as:  winter  (January  through  March) ,  spring 
(April  through  June) ,  sunmer  (July  through  September) ,  and  autumn  (October 
through  December) . 

The  water  column  is  considered  to  be  isothermal,  or  to  have  a  mixed  layer, 
when  the  vertical  temperature  gradient  is  equal  to  or  less  than  2.5°C  per 
100  meters;  a  column  of  water  is  said  to  be  isohaline  when  it  is  nearly  of 
uniform  salinity.  Vertical  density  structure  is  isopycnic,  i.e.,  of  uniform 
density,  if  the  change  in  ffj  gradient  is  equal  to  or  less  than  0.65  per 
100  meters.  A  pycnocline,  or  vertical  density  gradient,  exists  when  the 
change  in  density  with  depth  exceeds  the  stated  isopycnic  limits. 

Mean  sea  surface  temperature  for  all  months  is  presented  in  figure  A5 
of  the  Appendix.  Monthly  variability  of  sea  surface  terq  eratures  at  selected 
locations  is  presented  in  figure  A6  of  the  Appendix.  Mean  oxygen  traces  are 
presented  by  season  in  figure  A7  of  the  Appendix. 

2.  Description  of  seawater  properties 

a.  Winter 

(1)  Coastal — Mean  sea  surface  temperatures  are  lcwest  during 
February,  when  cold  (6°C)  water  flows  south  to  about  36°20'N  (although  sane 
6°C  water  remains  in  March  just  south  of  Chesapeake  Bay) .  Water  of  9°C  extends 
slightly  south  of  Cape  Hatteras  during  March.  Generally,  the  water  oolunn  in 
the  shallow  part  of  this  region  is  isothermal.  Farther  offshore  a  mixed  layer 
within  the  upper  50  meters  becomes  evident  (figs.  14  and  18) . 

Mean  sea  surface  salinity  generally  ranges  between  about  30  o/oo  and 
34  o/oo,  except  near  Chesapeake  Bay  where  winter  values  may  be  as  lew  as  24  o/oo 
and  near  the  Continental  Shelf  edge  south  of  Cape  Hatteras  where  values  are 
slightly  greater  than  36  o/oo.  At  most  locations  on  the  Continental  Shelf, 
the  water  column  is  either  isohaline  or  has  a  shallow  mixed  layer;  however, 
the  vertical  salinity  structure  near  the  entrance  to  Chesapeake  Bay  is 
characterized  by  a  sharp  increase  in  salinity  with  depth. 


*  Density  as  used  in  this  publication  is  equivalent  to  specific  gravity  and 
represents  the  ratio  at  atmospheric  pressure  of  the  weight  of  a  given  volume 
of  seawater  to  that  of  an  equal  volume  of  distilled  water  at  4°C.  It  is 
conveniently  expressed  as  sigma-t,  an  abbreviated  form  wherein  water  whose 
density  is  1.0240  has  a  sigma-t  value  of  24.0  (Neumann  and  Pierson,  1966). 
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Mean  sea  surface  density  is  lowest  off  the  bay  ( <Tf  18)  and  increases 
seaward  as  water  beoanes  more  saline.  Density  in  the  water  oolimn  closely 
parallels  the  salinity  structure;  i.e.,  it  is  either  isopycnic  to  the  bottan 
or  has  a  shallow  mixed  layer,  except  off  the  bay,  where  the  vertical  gradient 
is  sharp  fran  surface  to  bottom  Instability  within  the  water  column  may 
occur. 

Dissolved  oxygen  at  the  surface  generally  ranges  between  4.7  and  7.6 
ml/1,  with  lowest  values  occurring  off  the  bay.  At  bottom  on  the  Continental 
Shelf,  values  range  between  3.1  and  7.2  ml/1,  with  lowest  values  occurring 
south  of  Cape  Hatteras. 

Values  of  pH  range  between  7.90  and  8.40  at  the  surface,  and  between 
8.10  and  8.30  at  the  bottom  Lowest  surface  and  bottan  values  occur  off 
Chesapeake  Bay. 


(2)  Offshore — The  horizontal  surface  temperature  gradient 
marking  the  Gulf  Stream  is  most  evident  during  winter.  South  of  the  Gulf 
Stream,  surface  temperatures  vary  only  slightly.  Vertical  temperature 
structure  north  of  the  Gulf  Stream  generally  is  characterized  by  a  mixed 
layer  in  the  upper  100  meters;  south  of  the  Gulf  Stream  the  water  column 
is  isothermal  to  depths  of  at  least  500  meters.  During  winter,  the  vertical 
discontinuity  at  the  northern  edge  of  the  Gulf  Stream  is  strongest. 

Surface  salinity  ranges  between  34.0  o/oo  and  36.5  o/oo,  with  highest 
values  in  the  southeast.  North  of  the  Gulf  Stream  the  water  column  is 
characterized  by  a  shallow  mixed  layer,  a  weak  positive  salinity  gradient,  and 
a  slight  salinity  maximum  at  a  depth  of  about  150  meters.  South  of  the 
Gulf  Stream  the  water  column  is  essentially  isahaline  to  about  500  meters. 

Surface  density  shows  relatively  little  variation,  ranging  only  between 
about  25.0  and  26.5  dj  .  Vertically,  in  the  northern  part  of  this  region,  the 
pycnocline  occurs  from  the  surface  to  about  30  meters  before  a  slow  constant 
increase  with  depth  occurs.  In  the  south  isopycnic  conditions  prevail  in  the 
upper  600  meters. 

Mean  dissolved  oxygen  at  the  surface  ranges  lx?  tween  5.0  and  5.5  ml/1. 

The  oxygen  minimum  (3.4  ml/1  is  present  in  the  northern  part  of  this  region 
at  a  depth  of  about  250  meters;  Jn  the  southern  part,  the  minimum  (3.5  ml/1) 
probably  occurs  at  about  700  meters. 

February  pH  data  indicate  a  surface  range  of  about  8.20  to  8.25,  and 
near-bottem  values  of  about  8.15. 

b.  Spring 

(1)  Coastal — Daring  April  and  May,  a  transition  fran  winter 
to  near- sunner  conditions  occurs.  In  April,  north  of  Chesapeake  Bay,  9°C 
water  still  is  present;  by  May  this  is  replaced  by  13°  to  15°C.  Also,  in 
May  warmer  water  flews  out  of  Chesapeake  Bay.  By  June,  tanperatures  in  the 
coastal  region  have  risen  about  5°  to  10°C  higher  than  April  values.  North 
of  Cape  Hatteras  tonjeratures  tend  to  decrease  fran  the  surface  to  a  depth 
of  about  15  meters  (i.c.,  no  mixed  layer),  then  be cone  isothermal;  however, 
near  the  edge  of  the  Continental  Shelf,  a  shallow  mixed  layer  may  occur. 

South  of  the  ca(jc  the  water  may  be  isothermal  (figs.  15  and  18). 
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Mean  surface  salinity  generally  ranges  between  30  o/oo  and  33  o/oo, 
but  nearshore  values  may  be  lower  (about  26  o/oo)  south  of  the  bay,  and 
higher  (36  o/oo)  south  of  Cape  Hatteras.  Salinity  increases  only  slightly 
from  the  surface  to  depths  between  10  and  25  meters,  then  remains  constant 
to  the  bottom,  except  near  Chesapeake  Bay  where  a  strong  gradient  occurs  in 
the  upper  10  meters. 

Mean  surface  density  ranges  from  about  20 - 5<Tt  near  the  bay  to  slightly 
greater  than  24.0  (Tj  south  of  Cape  Hatteras.  Vertical  density  structure 
resembles  salinity  structure.  In  nost  of  this  region,  density  increases 
slowly  with  depth;  however,  near  Chesapeake  Bay  strong  density  gradients  in 
the  upper  10  meters  and  vertical  instability  may  occur. 

In  spring,  surface  dissolved  oxygen  ranges  between  about  4.4  and  7.8  ml/1. 

The  lowest  value  and  greatest  range  of  values  occur  off  Chesapeake  Bay  in 
April;  during  May  and  June,  the  ranges  generally  are  smaller.  Oxygen  concentra¬ 
tions  at  the  bottom  range  between  3.3  and  7.7  ml/1.  Lowest  bottom  values 
occur  south  of  the  bay  in  June;  highest  values  are  found  off  the  bay. 

The  surface  range  of  pH  for  this  season  is  about  8.00  to  8.55;  at  the 
bottom,  values  range  between  7.80  and  8.55.  Lowest  values  occur  near  the  bay. 

(2)  Offshore — The  Gulf  Stream  is  still  noticeably  warmer  than 
those  waters  to  the  west  during  April  and  May,  although  the  difference  is  not 
as  great  as  during  winter.  June  conditions  approach  those  of  surmer,  with 
surface  temperatures  warming  quickly  throughout  this  region.  Vertical  temperature 
structure  generally  is  characterized  by  a  mixed  layer  within  the  upper  100 
meters,  except  in  the  northeast,  where  no  mixed  layer  occurs,  and  in  the 
southeast,  where  the  water  column  is  isothermal  to  depths  of  at  least  600  meters. 

Mean  surface  salinity  ranges  between  about  33.0  o/oo  and  36.5  o/oo  during 
spring,  with  highest  values  in  the  southeastern  part.  The  horizontal  salinity 
gradient  around  Cape  Hatteras  is  strongest  during  this  season.  Salinity  in 
most  of  this  region  increases  fron  the  surface  to  depths  of  about  100  to  200 
meters,  then  decreases  with  depth.  Hcwever,  in  the  southeast  the  water 
column  is  isohaline  to  depths  of  about  450  meters. 

Mean  surface  density  ranges  between  23.0  and  26.5  ffj  .  The  water  colunn 
is  characterized  by  increasing  density  from  the  surface  to  the  bottcm  (i.e., 
no  mixed  layer)  except  in  the  southeast  where  the  vertical  structure  is 
isopycnic  to  depths  of  600  meters.  Instability  near  the  surface  may  occur 
in  the  Gulf  Stream. 

Mean  dissolved  oxygen  at  the  surface  ranges  between  4.8  and  5.5  ml/1. 

The  oxygen  minimum  in  the  northern  part  of  this  region  is  about  3.3  ml/1  at  a 
depth  of  250  meters;  in  the  south  a  minimum  of  3.4  ml/1  occurs  at  about 
850  meters. 

In  April,  surface  pH  values  range  between  about  8.40  and  8.50;  in  May 
and  .June  values  are  lower,  varying  between  8.15  and  8.25.  Near -bottcm  pH 
values  during  spring  range  between  8.05  and  8.25. 

c.  Summer 

(l)  Coastal — Mean  surface  temperatures  are  highest  during 
August  and  are  several  degrees  cooler  in  September  in  most  of  this  region. 


A  mixed  layer  occurs  to  depths  of  about  10  meters  in  much  of  the  region  north 
of  Cape  Hatteras,  except  near  Chesapeake  Bay  where  there  is  no  mixed  layer. 

South  of  the  cape  a  mixed  layer  nay  not  occur  (figs.  16  and  18) .  Upwelling  may 
occur  along  the  coast  just  north  of  Cape  Hatteras  (Wells  and  Gray,  1960a) . 

The  lowest  mean  surface  salinity  (about  23  o/oo)  occurs  off  the  bay; 
but  the  normal  seasonal  range  for  most  of  this  region  is  between  29  o/oo  and 
33  o/oo  and  high  values  of  about  35  o/oo  occur  south  of  Cape  Hatteras.  The 
horizontal  change  in  salinity  near  the  bay  may  be  as  great  as  6  o/oo  in  about 
20  kilcmeters.  Except  near  the  bay,  the  water  column  is  isdhaline  to  depths 
of  about  10  meters;  salinity  then  increases  with  depth.  Near  the  bay,  the 
vertical  salinity  gradient  is  strong  from  the  surface  to  the  bottom,  with  no 
mixed  layer. 

Mean  surface  density  is  lowest  near  the  bay  ((Tt*3^)  and  increases  sea¬ 
ward.  Vertical  density  structure  is  characterized  by  a  shallow  (10-meter) 
mixed  layer,  except  near  the  bay  where  the  outflow  of  low-salinity  water 
causes  a  strong  vertical  gradient.  Instability  in  the  water  column  is 
most  likely  to  occur  near  Cape  iiatteras. 

Dissolved  oxygen  ranges  between  3.6  and  6.0  ml/1  at  the  surface  and 
between  3.6  and  5.5  ml/1  near  the  bottan.  Lowest  surface  and  bottom  values 
are  near  the  bay  and  occur  in  July. 

Surface  pH  values  near  Chesapeake  Bay  range  between  7.65  and  8.60; 
near-bottom  values  range  between  7.10  and  8.55. 

(2)  Offshore — Surface  temjx?rature  variation  is  least  during 
summer,  especially  in  August  when  there  is  only  about  3°C  range  throughout 
this  region  and  thermil  boundaries  of  the  Gulf  Stream  are  least  distinct. 

Vertical  temperature  structure  is  characterized  by  a  mixed  layer  in  the  upper 
30  meters,  except  in  the  northeast  where  there  is  no  mixed  layer.  Generally, 
temperature  decreases  steadily  below  the  mixed  layer;  however,  in  the 
northeast  a  slight  increase  is  noted  between  50  anti  100  meters. 

Mean  surface  salinity  during  summer  ranges  between  33  o/oo  and  36  o/oo, 
and  highest  values  occur  in  the  south.  The  torizontal  surface  salinity 
gradient  around  Cape  Hatteras  is  v*?akest  during  this  season.  Vertical 
salinity  generally  increases  frem  the  surface  to  depths  between  50  and  200 
meters.  In  the  northeast  a  minor  salinity  minimum  occurs  at  50  meters  before 
salinity  increases  to  a  maximum  at  150  meters,  then  decreases  Ixdow. 

Mean  surface  density  ranges  between  23  and  24  (Tj  .  Generally,  no  mixed  layer 
occurs,  and  density  increases  rapidly  frem  the  surface  to  depths  between 
50  and  150  meters,  then  gradually  increases  to  the  bottom.  Tlx?  strongest 
vertical  density  gradients  occur  during  sunmer. 

Mean  dissolved  oxygen  at  the  surface  ranges  between  4.5  and  4.9  ml/1. 

The  oxygen  minimum  in  the  north  is  about  3.3  ml/1  at  a  depth  of  200  meters; 
in  the  south  a  minimum  of  3.5  ml/1  occurs  at  700  meters. 

No  pH  data  are  available  for  this  region, 
d.  Autumn 

(1)  Coastal — Mean  surface  temperatures  in  the  coastal  region 


decrease  during  autumn.  By  December,  temperatures  less  than  15°C  cover  most 
of  the  Continental  Shelf  north  of  Cape  Hatteras;  temperatures  of  about  9°C 
occur  north  of  37°K  and  off  Chesapeake  Bay.  The  water  column  is  isothermal  in 
most  of  this  region;  hewever,  near  the  bay,  surface  temperatures  are  slightly 
cooler  than  those  at  depth  (figs.  17  and  18) . 

Mean  surface  salinity  varies  from  about  31  o/oo  to  33  o/oo,  but  near  the 
bay  is  about  29  o/oo  and  south  of  Cape  Hatteras  probably  is  as  high  as  36  o/oo. 
The  water  column  in  most  of  this  region  is  isohaline,  but  near  the  bay  there 
is  a  strong  vertical  salinity  gradient  with  increasing  values  to  the  bottom. 

Mean  surface  density  is  lowest  off  the  bay,  where  salinity  is  low.  The 
water  column  is  isopycnic  except  near  the  bay,  where  a  strong  vertical  gradient 
occurs.  Instability  may  occur  on  the  Continental  Shelf  during  autumn. 

Surface  dissolved  oxygen  ranges  between  3.7  and  8.4  ml/1.  Lcwest 
values  occur  in  October  north  of  the  bay;  highest  values  occur  in  Decanter 
off  the  bay.  Near -bottom  oxygen  values  near  the  bay  range  from  3.4  tnl/1  in 
October  to  8.0  ml/1  in  Decanter. 

The  surface  pH  range  near  Chesapeake  Bay  is  about  7.40  to  8.50.  Near- 
bottem  values  range  between  7.25  and  8.40. 

(2)  Offshore — Mean  surface  tempe natures  during  autumn  decrease 
as  a  result  of  seasonal  cooling,  and  the  horizontal  gradient  marking  the  Gulf 
Stream  is  stronger.  A  shallow  mixed  layer  occurs  within  the  upper  50  meters 
throughout  this  region. 

Mean  surface  salinity  generally  ranges  between  33.0  oo/o  and  36.5  o/oo, 
with  highest  values  located  in  the  south.  Vertical  salinity  structure  is 
characterized  by  increasing  values  from  the  surface  to  depths  between  100  and 
200  meters,  then  decreasing  values  with  depth  below  200  meters. 

Moan  surface  density  ranges  between  23  and  25  (Tj  .  A  mixed  layer  to  a  depth 
of  about  50  meters  occurs  only  in  the  south .  Elsewhere  tlie  pycnocline  extends 
from  the  surface  to  at  least  100  meters.  Vertical  density  gradients  are 
strongest  near  the  northern  edge  of  the  Gulf  Stream.  Instability  may  occur 
near  the  surface  in  this  region. 

Moan  surface  dissolved  oxygen  ranges  from  5.2  ml/1  in  the  nortliem  part 
of  this  region  to  4.8  ml/1  in  the  southeast.  The  oxygen  minimum  (3.6  ml./l) 
occurs  at  a  depth  of  about  300  meters  in  the  north  and  at  about  750  meters 
south  of  the  Gulf  Stream. 

No  pH  data  are  available  for  this  region. 

3.  Discussion 

a.  Effects  of  seawater  projierties  at  the  surface — A  major 
influence  on  the  spread  and  dispersion  of  a  pollutant  is  the  presence  of 
fronts  (boundaries  or  interfaces)  which  may  te  caused  either  by  sharp  salinity 
or  tonjeruture  differences.  Tn  this  Aren  frontal  regions  occur  off  Chesapeake 
Bay  and  near  the  Gulf  Stream. 

Although  low  salinity  values  are  carmen  throughout  tlie  coastal  ration, 
they  are  particularly  noticeable  near  Chesapeake  Bay  where  tiro  horizontal 
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change  with  distance  is  probably  greater  than  elsewhere  on  the  Continental 
Shelf.  A  surface  pollutant  (e.g.,  oil)  may  collect  at  the  seaward  interface 
where  a  pronounced  salinity  gradient  occurs  (Kennedy  and  Wermund,  1971) . 
Concentration  at  this  interface  is  most  likely  during  surtmer  when  the  mean 
surface  salinity  gradient  is  about  6  o/oo  in  20  kilometers. 

Surface  contaminants  may  also  concentrate  along  the  northern  boundary  of 
the  Gulf  Stream.  This  is  primarily  a  thermal  boundary  which  is  strong  during 
late  autumn  through  early  spring  and  is  most  intense  during  winter.  "Surface 
float"  may  tend  to  collect  at  zones  of  convergence  (fronts)  such  as  this  one 
(Garber,  1960) .  The  occurrence  and  relative  strenyth  of  these  fronts  may 
inhibit  the  spread  of  surface  pollutants  and  may  also  influence  the  direction 
in  which  contaminants  move.  For  example,  a  pollutant  introduced  in  winter  in 
the  coastal  region  north  of  Cape  Hatteras,  where  the  general  flew  is  south,  may 
travel  as  far  as  the  cape  and  then  be  impeded  by  a  strong  thermal  gradient. 

This  effect  is  contingent  upon  the  physical  characteristics  of  the  pollutant 
and  on  local  real-time  conditions.  The  presence  of  pollutants  on  the  surface 
also  may  inhibit  air-sea  interchange  of  oxygen  or  deplete  surface  dissolved 
oxygen  and  many  pollutants  may  produce  temporary  changes  in  surface  pH. 

b.  Effects  of  seawater  properties  in  the  water  column — If  pollutants 
introduced  at  the  sea  surface  are  heavier  (more  dense)  than  the  surface 
water  they  will  sink  either  to  a  layer  of  similar  density  or  to  the  bottom. 

Those  heavy  enough  to  reach  bottom  quickly  generally  will  not  be  influenced 
by  density  variations  of  the  water  column.  However,  stratification  within  the 
water  column  will  affect  lighter  pollutants.  Vertical  diffusion  is  greatest 
when  the  water  column  is  homogeneous,  i.e.,  isopycnic.  However,  if  density 
discontinuities  exist,  vertical  diffusion  is  inhibited  or  halted.  Mean  density 
structures  of  the  Area  are  discussed  in  "Description  of  seawater  properties" 
section. 

Regions  where  density  stratification  may  theoretically  affect  vertical 
movement  of  pollutants  may  be  inferred  from  figure  19,  which  depicts  changes 
in  vertical  density  for  a  unit  of  depth.* 

In  any  region,  regardless  of  season,  that  displays  a  strong  density- 
gradient,  density  layers  in  the  upper  water  column  will  be  shallower  than 
in  regions  with  weaker  gradients.  Pollutants  heavy  enough  to  sink  may 
collect  and  spread  along  layers  of  similar  density  (false  bottom) .  In  regions 
where  strong  (gradients  occur,  entrainment  of  contaminants  could  be  closer  to 
the  sea  surface  than  in  regions  where  the  gradient  is  weaker  (compare  figures 
18  and  19,  Section  7,  September,  Stations  B  and  F) .  Contaminants  which  collect 
along  these  "false  bottoms"  may  also  surface  elsewhere. 

Pollutants  introduced  below  the  surface  may  behave  similarly.  If  the 
water  column  is  homogeneous,  pollutants  lighter  than  the  ambient  density  may 
easily  reach  the  surface.  However,  a  pollutant  premixed  to  the  density  at 
the  point  of  introduction  may  mix  and  spread  within  that  density  layer  and 
is  not  likely  to  reach  the  surface.  The  more  stable  the  water  column,  the 
less  likely  is  vertical  diffusion  to  occur,  although  seme  slew  diffusion  will 
occur  with  time. 


*  Figure  19  is  included  to  supplement  the  density  sections  in  figure  18,  is 
based  on  real-time  data,  and  may  not  reflect  average  conditions. 
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Instability,  or  decrease  in  density  with  depth,  may  affect  dispersi  m  and 
distribution  of  contaminants.  Instability  is  observ'd  near  the  Gulf  f cream 
during  April  and  December,  and  is  probably  caused  by  temporary  near- .urface 
temperature  inversions.  In  the  coastal  region,  however,  these  instabilities 
are  were  persistent  and  occur  throughout  the  water  column.  Where  near-surface 
instability  occurs,  contaminants  introduced  at  the  surface  are  more  likely  to 
mix  within  the  surface  layers  and  sink  more  rapidly  to  the  layer  of  equal 
density.  Near-surface  instability  is  most  prominent  near  the  Continental 
Shelf  edge,  especially  off  Cape  Hatteras. 

Where  unstable  water  is  present  at  middepth,  convective  mixing  occurs,  and 
a  pollutant  may  dissipate  more  rapidly.  Instability  on  the  bottom  in  the 
coastal  region  may  produce  an  unusual  distribution  of  pollutants  which  are 
introduced  on  or  reach  the  bottom;  mixing  and  dispersion  of  the  pollutants 
nay  be  increased,  and  distinct  layering  of  pollutants  is  less  likely.  Sunrnei 
is  the  only  season  during  which  bottom  instability  does  not  occur  in  tlx; 
coastal  region. 

The  presence  of  seme  pollutants  within  the  water  column  may  deplete 
ambient  oxygen  through  oxidation  processes.  It  may  also  cause  snail  changes 
in  pH,  although  this  property  is  fairly  conservative. 

4 .  Data  sources 

Sea  surface  temperature  presentations  are  based  on  all  available 
merchant  marine  observations  taken  in  the  past  100  years  as  collected  at  the 
Environmental  Data  Service,  National  Climatic  Center,  and  compiled  by  tins 
Office  by  6-minute  quadrangles.  Most  of  the  observations  tabulated  are 
injection  temperatures  that  may  contain  inaccuracies  (e.g.,  approximation  of 
readings,  faulty  thermometers,  or  heat  contamination  from  ship  engines  and 
boilers) .  However,  because  the  data  coverage  in  the  Area  is  good,  these 
errors  are  minimized.  Monthly  variability  of  sea  surface  temperatures  is 
based  on  data  taken  regularly  and  recorded  in  U.S.  Coast  and  Geodetic  Survey 
Publication  31-1  (1968) . 

Vertical  traces  of  temperature,  salinity,  density,  and  oxygen  are 
based  on  oceanographic  station  data  provided  by  the  National  Oceanographic 
Data  Center  (NODC)  and  stations  cited  in  Poliak,  1952.  Tliese  regional 
presentations  are  determined  by  combining  all  available  data  for  30-minute 
quadrangles  by  trimonthly  periods  according  to  similarity  of  structure. 

Data  distribution  is  indicated  for  each  region.  Other  values  (oxygen  and  pH) 
presented  in  the  text  also  are  derived  frem  oceanographic  stations,  although 
data  on  these  parameters  are  generally  sparse. 

Vertical  sections  1  through  4  of  temperature,  salinity,  density’,  and 
gradients  are  derived  from  data  taken  by  the  R.  V.  Dolphin  during  1965-66 
".ark,  et  al.  1969).  Vertical  sections  5  through  8  are  derived  from 
".Pi ins  taken  by  R.  V.  Atlantis  during  1932  and  retained  at  NODC. 
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FIGURE  19  VERTICAL  SECTION  OF  DENSITY  GRADIENTS  (CON.) 
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D.  Marine  Geology 


1.  Introduction 

The  Continental  Shelf  is  20  to  65  nautical  miles  wide  in  this  Area, 
the  100- fathom  isobath  closely  approximating  the  shelf  break.  Sand  is  the 
predominant  surficial  sediment  on  the  shelf  and  is  often  found  mixed  with  mud 
or  gravel  in  localized  zones.  The  grain-size  distribution  of  most  shelf  and 
slope  sediments  is  skewed  toward  fine-grained  material.  Coarse  material  is 
concentrated  in  nearshore  areas  and  scattered  on  the  shelf.  During  the  autumn, 
winter,  and  spring,  sediments  on  the  entire  shelf  are  subject  to  wave  erosion 
and  transportation,  whereas  in  summer  these  processes  are  less  extensive. 

North  of  the  Chesapeake  Bay  entrance,  most  of  the  coast  is  privately 
owned  and  commercially  undeveloped.  To  the  south,  the  beaches  are  owned  by 
federal  and  nonfederal  public  agencies  and  are  used  for  recreational  and 
nonrecreational  purposes. 

2 .  Bathymetry 

The  Continental  Shelf  is  20  nautical  miles  wide  off  the  coast  of 
North  Carolina,  increasing  in  width  to  65  nautical  miles  off  the  entrance  to 
Chesapeake  Bay  (fig.  20) .  A  bathymetric  profile  A  to  A'  is  shown  on  figure  21. 
The  100-fathan  isobath  approximates  the  shelf  break.  Seaward  of  the  shelf, 
the  continental  slope  varies  in  width  from  5  nautical  miles  in  the  south  bo 
25  nautical  miles  in  the  north.  The  shelf  edge  is  incised  by  the  Norfolk  and 
Washington  Canyons  between  37°00'  and  37°30'N.  Each  canyon  averages  2  mutical 
miles  in  width  and  12  nautical  miles  in  length  with  about  700  fathoms  of 
relief.  The  1,100-fathcm  isobath  approximates  the  base  of  the  continental 
slope.  The  continental  rise  lies  seaward  of  the  slope. 

3.  Bottom  materials 


The  distribution  of  surficial  bottom  sediments  (fig.  22)  is  based 
on  approximately  1,800  bottom  samples  as  shewn  in  figure  23  (U.S.  Naval 
Oceanographic  Office,  unpublished).  Five  bottom  material  types,  based  on 


the  average  diameter  of  the  particles 
TOPE 
Mud 

Mud-sand 

Sand 

Gravel 
Rock 


,  are  distinguished: 

GRAIN  SIZE  RANGE 

80%  of  the  grains  less  than  0.062  nm. 

More  than  20%  of  the  grains  between 
0.062  and  2.000  nm,  and  more  than  20% 
of  grains  less  than  0.062  nm. 

80%  of  the  grains  between  0.062  and 
2.000  rrm. 

80%  of  the  grains  between  2  and  256  nm. 
Boulders  larger  than  256  nm. 


Sediments  on  the  Continental  Shelf  consist,  of  predominantly  arkosic*  to 
subarkosic**  fluvial  sand.  Mud  or  gravel  is  often  found  in  cart) i nation  with 
sand  in  localized  zones.  The  shelf  sediments  were  deposited  in  shallow  water 


*  ^25%  feldspar 

**  5-  25%  feldspar 
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FIGURE  20  BATHYMETRY 
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during  the  last  lcwsr  stands  of  Pleistocene  (continental  glacial  epoch)  sea 
level  and  post-Pleistocene  reworking  has  removed  most  fine-grained  sediment 
(silt  and  clay)  leaving  only  fine  to  coarse  sand  (fig.  24).  The  surficial 
sediments  of  mast  of  the  Continental  Shelf  and  slope  have  frequency-distribution 
curves  skewed  toward  finer  iraterial  (positive)  with  the  exception  of  the 
sediments  in  three  extensive  nearshore  zones  which  have  frequency-distribution 
curves  skewed  toward  coarser  material  (negative)  (fig.  25) . 

Modem  sediments  which  consist  of  mud-size  grains  are  accumulating  only 
in  estuaries  and  on  the  continental  slope.  These  fine-grained  fluvial  sediments 
escape  from  the  estuaries  during  floods  and  storms.  The  fact  that  most  shelf 
sediments  are  relict  sands  indicates  that  mast  modem  river-derived  sediment 
does  not  remain  on  the  shelf.  It  is  either  recycled  back  into  the  estuaries, 
or  it  crosses  the  shelf  and  is  deposited  on  tire  continental  slope  or  rise 
(Milliman,  Pilkey  and  Ross,  1972).  Mud  is  the  dominant  sediment  type  on  the 
continental  slope  and  rise. 

4.  Transport  of  iraterials 

Sediment  transport  as  a  result  of  forward  drift  (/I)  (Appendix  B)  is 
generated  by  wave  action  and  presented  in  figure  26.  waves  act  on  sediment 
distribution  both  by'  resuspending  (reintroducing  into  water  column)  and  by' 
transporting  sediments. 

Resuspension  of  bottom  material  can  occur  whenever  there  is  sufficient 
orbital  wave  motion  (/x0)  (Appendix  C)  close  to  the  seabed.  Once  the  bottom 
material  is  in  susupension  it  can  be  transported  by  the  forward  drift.  On  the 
basis  of  a  modification  of  Sundborg's  competency  curves  (Allen,  1965)  (fig.  27) , 
orbital  velocities  close  to  the  bed  must  exceed  37  cm/sec,  54  cm/sec,  and 
60  cm/sec  to  resuspend  medium  sand  (0.24  nrm)  ,  fine  sand  (0.062  mm) ,  and  silt 
(0.052  nrn)  ,  respectively .  In  order  to  transport  the  material  after  it  is 
suspended ,  the  forward  drift  velocity’  must  exceed  37  cm/sec,  2.4  an/ sec,  and 
1.0  an/sec,  respectively. 

These  principles  are  applicable  to  the  construction  of  a  model  for 
predicting  the  dispersal  of  dredge  spoil  deposits  over  the  seabed.  For  example, 
during  autumn,  winter,  and  spring,  the  above  orbital  and  forward  velocities  are 
frequently  equaled  or  exceeded,  and  dredge  sjnil  deposited  on  the  shelf  would  be 
subject  to  erosion  and  transportation.  As  shewn  by  bottom  drifters  (Harrison 
et  al.f  1967)  transportation  is  predominantly  toward  the  coast.  Silt  and  fine 
sand  can  theoretically  be  resuspended  and  transported  within  10  nautical 
miles  of  the  shelf  break  over  much  of  the  above  period  (fig.  26) .  In  summer, 
wave  action  on  silt  and  fine  sand  is  confined  to  within  20  nautical  miles  of 
the  coast  in  the  southern  half  of  the  Area  anti  to  within  30  nautical  miles  of 
the  shelf  break  in  the  northern  half. 

5.  Shoreline  ownership  and  usage 

Shoreline  ownership  and  usage  are  shown  in  figure  28  (U.S.  Army  Corps 
of  Engineers,  vol.  1  &  2,  1971) .  On  the  Delmarva  Peninsula,  most  of  tlx? 
coast  is  privately  cwned  and  canoe  rcially  undeveloped  except  for  that  {notion 
of  federally  cwned  shoreline  used  as  a  wildlife  refuge  and  NASA  facility. 

South  of  the  Chesapeake  Bay  entrance,  along  the  Virginia  coast,  shoreline 
ownership  is  both  federal  and  nonfedcral  public,  and  is  used  for  recreational 
and  nonr ecrea tiona 1  purposes.  Along  the  coast  of  North  Carolina  the  land  is 
for  public  recreation. 
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E.  Marine  Biology  1 

1.  Plankton  distribution  1 

a.  Introduction — The  plankton  biomass  present  in  the  Hampton  * 

Rcads/Narfolk  Operating  Area  comprises  numerous  species.  The  waters  between 
Cape  Cod  and  Chesapeake  Bay,  with  the  exception  of  Georges  Bank,  aontain 
larger  volumes  of  phytoplankton  and  zooplankton  than  any  other  temperate  or 
boreal  coastal  area  on  either  side  of  the  Atlantic.  For  example,  the  volume 
of  production  for  May  averages  800  mg  C/m3*,  about  twice  that  of  the  productive 
Icelandic  Coast  (450  mg  C/m3)  (St.  John,  1958). 

The  Operating  Area  has  four  distinct  water  regimes  (fig.  29)  based  on 
temperature,  salinity,  and  nutrients:  the  entrance  to  Chesapeake  Bay,  Continental 
Shelf  (Virginia  and  North  Carolina) ,  Carolina  Coastal,  and  Gulf  Stream  -  Florida 
Current.  However,  the  boundaries  of  these  regimes  fluctuate  with  seasonal 
changes.  Likewise,  the  quantities  and  number  of  species  of  plankton  also 
change.  The  phytoplankton  and  zooplankton  of  the  bay  entrance  are  tolerant  of 
large  ranges  in  salinity  and  temperature,  as  are  the  many  eggs  and  migrating 
fish  larvae  that  are  spawned  in  the  estuaries  of  Chesapeake  Bay  or  in  the 
adjoining  ocean. 

The  nutrient-rich  Continental  Shelf  regime  extends  south  from  Delaware  to 
between  35°30’N  and  Cape  Hatteras  depending  on  the  season.  Generally,  in  cold 
seasons  zooplankton  here  consists  almost  entirely  of  boreal-temperate  species. 

However,  in  warm  periods,  a  variety  of  warm-water  forms  prevails. 

Volumes  of  winter  zooplankton  along  the  Carolina  coast  are  only  about 
one-half  those  in  the  Continental  Shelf  regime.  The  Gulf  Stream  -  Florida 
Current  plankton  population  is  even  more  sparse,  with  only  meager  quantities 
in  any  season. 


b.  Bay  entrance  --  Primary  production  in  this  regime  is  high;  daily 
output  is  about  500  mg  C/m2**  (Moiseev,  1969) . 

Phytoplankton  blooms  in  the  bay  entrance  in  spring  and  autumn,  with 
population  maximums  at  these  times.  Diatoms  are  dominant  in  the  winter,  whereas 
dinof lagellates  are  more  numerous  during  spring  and  sunmer  and  late  autimn. 
Greater  diversity  of  species  appears  to  spread  from  the  sea  toward  the  inner 
bay  during  cold  seasons,  and  seaward  from  rivers  and  estuaries  during  warm 
seasons.  Principal  phytoplankton  organisms  are  listed  in  figure  29.  The 
prominent  species  are  Skeletonana  costatum,  Chaetoceros  affinis,  C.  compressus , 
and  Cerataulina  bergonii . 

Influx  of  low-salinity  water  from  rivers  and  sharp  changes  in  temperature 
greatly  influence  organisms  in  the  bay  entrance.  Plankton  without  a  tolerance 
for  these  variables  tray  not  survive.  For  example,  the  cope pod  Centropages 
typicus  enters  the  bay  from  the  ocean  but  usually  cannot  adapt  because  of  low 
salinity  (Deevey,  1960) . 

The  oopepod  Acartia  tonsa  is  the  most  abundant  zooplank ter  in  Chesapeake 
Bay.  It  dominates  the  zooplankton  in  all  seasons,  but  reaches  its  greatest 
abundance  near  the  bay  entrance  in  spring.  Another  zooplankter,  the  chactognath 
Sagitta  enflata,  is  most  abundant  in  sunmer  and  autumn  and  has  an  average  density 
at  the  bay  entrance  of  6.2  specimens/m3 . 
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*  Milligrams  of  Carbon  per  cubic  meter. 

**  Milligrams  of  Carbon  pier  square  meter. 


FIGURE  29  PIANKTON  SPECIES  DISTRIBUTION 
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Close  interrelationships  occur  in  this  regime  between  fish  and  plankton. 

Pish  eggs  are  part  of  the  plankton  biomass;  however,  the  hatched  fry  feed 
on  the  zooplankton.  For  example,  juvenile  croaker  (Micropogon  undulatus)  and 
menhaden  (Brevoortia  tyr annus)  larvae,  which  move  into  the  lower  bay  frcm  the 
open  ocean  where  spawning  has  occurred,  and  Atlantic  herring  (Clupea  harengus 
harengus)  and  American  shad  (Alosa  sapidissirra)  ,  which  spawn  in  the  bay 
estuaries  with  fry  passing  through  the  lower  bay  to  the  ocean,  all  feed  heavily 
on  zooplankton. 

c.  Continental  Shelf — This  is  the  largest  and  most  complex  regime 
of  the  study  Area.  Primary  production  ranges  from  250  to  500  mg  C/m2/day 
on  the  continental  slope  and  tapers  to  a  lower  level  in  the  Gulf  Stream  (Moiseev, 
1969) .  This  range  compares  with  400  mg  C/m2/day  on  the  Continental  Shelf 
off  New  York  (Ryther  and  Yentsch,  1958) . 

Be,  et  al.  (1971)  report  high  plankton  volumes  exceeding  100  ml/1000  m3 
north  of  Cape  Hatteras.  However,  plankton  volume  my  reach  700  to  800  ml/1000  m3 
in  summer  and  400  ml/1000  m3  in  winter.  Van  Engel  and  Eng-Chow  (1965)  set  the 
displacement  volume  of  the  total  zooplankton  for  the  period  October  through 
July  at  9.5  ml/20-minute  half-meter  net  haul. 

Tlie  environmental  parameters  of  this  regime  fluctuate  widely,  thereby 
af feccing  the  quantities  and  species  of  plankton  inhabiting  these  waters  during 
any  one  season.  Temperature  appears  to  be  the  primary  influencing  factor, 
directly  limiting  the  existence  of  zooplankton  In  coastal  waters  during  winter 
months.  However,  temperature,  turbulence,  and  reduced  solar  radiation  in 
winter  months  also  act  to  reduce  the  production  of  phytoplankton,  the  basic 
food  supply  of  herbivorous  zooplankton.  With  reduction  of  the  phytoplankton 
standing  crop  frcm  spring  to  winter,  there  is  a  consequent  tendency  for 
reduction  of  the  zooplankton  population  in  winter  (fig.  30)  (St.  John,  1958; 

Clark,  et  alv  1969)  . 

Six  species  of  the  dinof lagellate  Ceratium  are  abundant  in  summer  and 
autumn  (fig.  31).  These  warm- temperate  or  tropical  species  are  members  of 
a  ccmmunity  that  is  most  abundant  in  autumn  and  especially  so  in  offshore 
waters,  i.e.,  toward  the  Gulf  Stream. 

During  the  first  half  of  the  year,  the  zooplankton  population  consists 
almost  entirely  of  boreal-temperate  species,  whereas  during  the  second  half 
a  variety  of  warm-water  species  is  present  (fig.  31).  Four  species  of 
oopepods,  Centro pages  typicus,  Pseuriocalanus  minutus ,  Labidocera  aestiva,  and 
Eucalanus  pileatus-subcrassus ,  are  found  in  the  largest  numbers  over  the 
broadest  areas  for  the  greatest  periods  of  time  (fig.  32).  Cb_  typicus, 
unquestionably  the  dominant  form,  is  present  every  month  in  surface  waters. 

It  and  C.  hamatus  occur  in  greatest  abundance  in  winter  and  spring.  Copepods 
of  tropical  origin  are  relatively  scarce  and  occur  only  in  summer  and  autumn. 

Grant  (1963a,  b)  identified  Sagitta  serratodentata  as  the  most  abundant 
chaetognath  over  the  middle  Atlantic  shelf  during  midwinter.  Another  chaetognath, 
S.  enflata,  occurs  in  offshore  waters  throughout  the  year  and  is  concentrated 
in  the  summer  and  autumn. 

Other  less  significant  plankton  forms  include  the  ooelenterate 
Aqlantha  digitale  and  the  annelid  worms  of  genus  Tcmopterid,  both  occurring 
frcm  Delaware  south  to  Chesapeake  Bay.  The  tunicate  Oikopleura  dioica  is 
a  warm-water  species  found  on  the  Continental  Shelf  off  the  Bay.  The  shrimp 
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like  mysid  Neanysis  americana  is  present  throughout  the  year  and  is  dominant 
during  April  through  September.  It  is  the  most  carman  mysid  inhabiting 
northeastern  coastal  waters  (Wigley  and  Burns,  1971) .  Numerous  other 
invertebrates  also  are  represented  in  the  zooplankton  population,  e.g. ,  the 
larvae  of  coelenterates,  ctenophores,  and  t uni cates,  which  abound  especially 
in  July  through  Septorber. 

Fish  eggs  and  larvae  are  prominent  additional  components  of  the 
zooplankton  in  this  regime.  The  Continental  Shelf  is  the  spawning  region 
and  migration  route  to  spawning  grounds  for  many  species  of  fish.  General ly, 
fish  eggs  are  present  in  all  seasons  except  winter,  with  peak  abundance  during 
May  through  July.  A  notable  exception  is  the  eggs  and  fry  of  croaker 
(Micropogon  undulatus) ,  which  occur  offshore  in  late  sunmer  and  through  winter 
and  spring.  Menhaden  (Brevoortia  tyrannus)  eggs  and  larvae  have  been  collected 
to  40  miles  offshore  during  December  through  March.  Four spot  flounder 
(Hippoglossima  oblonga)  larvae  occur  in  coastal  shelf  waters  south  to  North 
Carolina  in  depths  greater  than  20  fathcms  (36.6  meters). 

d.  Carolina  coastal — Zooplankton  in  this  regime  reaches  maximum 
abundance  in  summer  and  autumn  and  is  minimal  in  winter.  However,  in  contrast 
to  the  other  regimes,  the  midwinter  minimum  of  zooplankton  volumes  is  not 
pronounced.  Volumes  in  January  are  maintained  at  70  percent  of  the  summer 
average  This  slight  variation  in  seasonal  volumes,  expecially  near 
Cape  Hatteras,  may  be  attributed  to  relatively  warm  winter  water  temperatures 
with  good  solar  radiation;  hence,  the  zooplankton  population  is  assured  of 
a  moderate  standing  crop  of  phytoplankton  food  supply.  The  close  proximity  of 
the  Gulf  Stream  also  supplies  shelf  waters  with  reproducing  populations  of 
oceanic  plankton  (St.  John,  1958). 

The  zooplankton  volumes  in  the  regime  are  at  maximum  concentrations 
near  the  midshelf  region.  Least  volumes  are  in  shallow  coastal  areas  and 
in  offshore  Gulf  Stream  -  Florida  Current  water.  The  zooplankton  population 
in  May  has  a  mean  volume  of  0.29  cc/m3;  in  June,  0.28  cc/m3;  and  in  January, 
0.20  oc/m3  (St.  John,  1958).  Be,  et  al.  (1971)  reported  total  plankton 
displacement  volume  along  the  Continental  Shelf  south  of  Cape  Hatteras  to  be 
0 . 28  cc/m3 . 

The  winter  zooplankton  of  this  regime,  ccnpared  with  that  from  Cape  Cod 
to  Chesapeake  Bay,  is  only  about  one-half  that  in  the  richer  waters  to  the 
north. 

Plankton  pxpulations  in  the  shelf  area  are  influenced  by  other  water 
masses.  Occasionally  in  winter,  Virginia  coastal  water  may  be  transported 
by  storms  southwestward  around  Cape  Hatteras.  The  Virginia  coastal  calanoid, 
Centropages  typicus,  invades  the  mid-North  Carolina  Coast  along  with  these 
oold-^water  intrusions.  The  Gulf  Stream  -  Florida  Current  occasionally 
penetrates  shoreward  and  carries  many  oceanic  species  into  coastal  waters. 

In  contrast  to  the  waters  to  the  north,  the  majority  of  species  south 
of  Cape  Hatteras  are  of  tropical  origin,  e.g.,  the  three  chaetognaths  Sagitta 
tenuis ,  S.  helenae,  and  S^  enf lata.  These  species  have  an  average  abundance 
of  -3  specimens/m 3  of  water  (Pierce  and  Wass,  1962).  Copepods  in  these  waters 
are  also  mainly  warm-water  species.  Prominent  in  slope  waters  is  one  species 
of  pteropod,  Limacina  re trove rsa,  with  10  specimens/m3  of  water  (Chen  and 
Hillman,  1970). 
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e.  Gulf  Stream  -  Florida  Current — The  waters  of  the  Gulf  Stream 
have  been  shown  to  carry  meager  quantities  of  plankton  ccnpared  to  coastal 
waters.  Be,  et  al.  (1971)  report  114  mg/m 3  wet  weight  of  total  plankton  for 
the  region  of  the  Gulf  Stream  -  Florida  Current  between  35°  and  37°N. 

The  following  chaetognaths  are  indicative  of  Gulf  Stream  -  Florida  Current 
waters,  although  their  abundance  is  low:  Sagitta  hexaptera ,  0.1  to  0.9 
specimen/m3 ;  S^  lyra  <0. 1/fa3 ;  and  Krohnitta  subtil  is,  <  0.1/m3  (Pierce  and 
Wass,  1962). 

Other  forms  present  include  the  pteropods  Limacina  inflata,  5  specimens/m3 
of  water,  and  L;_  trochi formis  and  Creseis  virgula  conica,  3.5/m3  of  water 
(Chen  and  Hillman,  1970). 

However  unproductive  and  undiversified  the  Gulf  Stream  -  Florida  Current 
nay  seem  in  number  and  quantity  of  species  present,  its  proximity  to  the  coast 
results  in  an  increase  in  water  tonjierature  on  the  shelf  in  the  southern  part 
of  the  study  Area.  In  the  region  off  Cape  Hatteras,  considerable  mixing  of 
the  Gulf  Stream  -  Florida  Current  and  cold  waters  frcm  the  north  occurs. 
Plankton  species  and  quantities ,  therefore,  may  vary  considerably  and  be  of 
cold  water,  boreal-temperate  origin  or  of  warm  water,  tcynjerate-tropical 
origin. 


f.  Discussion — With  the  influx  of  Chesapeake  Bay  estuarine  water, 
cold  water  from  northern  currents,  and  warm  Gulf  Stream  water,  plus  seasonal 
changes,  the  Area  is  a  constantly  changing  and  very  fertile  environment  for 
plankton  arid  higher  forms  on  the  food  pyramid. 

Primary  production  compares  with  that  of  the  highest  productive  areas  in 
the  Atlantic  Ocean.  The  largest  total  plankton  concentrations  are  located 
primarily  in  waters  of  Chesapeake  Bay  and  the  Continental  Shelf.  The  Gulf 
Stream  -  Florida  Current,  in  comparison,  has  meager  quantities  of  plankton. 
Highest  plankton  counts  can  be  expected  in  early  surrmer  and  late  autumn  over 
the  mid-  to  outer  Continental  Shelf.  Plankton  production  is  lowest  from 
midwinter  to  early  spring. 

Generally,  cope pods  dominate  the  zooplankton  carmunity,  with  Acartia 
tonsa_  and  Centropages  typicus  being  the  principal  species.  The  dominant 
phytoplankton  genera  are  the  dinof lagellate  Ceratium  and  diatoms  Skeletonema 
and  Chaetoceras.  These,  plus  numerous  others  as  well  as  eggs,  larvae  of  fishes, 
and  other  marine  forms,  comprise  the  total  plankton  population. 

2.  Benthos 

a.  Introduction — The  marine  benthos  is  those  plants  and  animals 
that  live  in,  upon,  or  in  close  relationship  with  the  oc^ean  bottom.  In  the 
shallow  lighted  zones  algae  and  epifauna  (attached  animals)  that  occur  upon 
button  substrates  are  corrmonest ,  decreasing  somewhat  in  numbers  with  depth. 

In  deeper  water  most  of  the  organisms  burrow  through  the  bottom  sediments  or 
live  just  beneath  the  sediment  surface  (infauna). 

b.  Carmunity  composition 

(l)  Estuaries — The  most  characteristic  benthic  organisms  in  the 
estuarine  regions  of  the  study  area  are  the  algae  f'ucus  vesiculosus  and 
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Entercmorpha  intestinalis ,  marsh  grass  Spartina  altemiflora,  the  bryozoan 
Biflustra  tenuis,  the  snail  Littorina  irrorata,  the  oyster  Crassostrea  virginica, 
the  clam  Mya  arenaria,  the  barnacle  Balanus  inprovisus ,  and  the  blue  crab 
Callinectes  sapidus  (fig.  33)  (Andrews,  1956;  Boesch,  1972;  Shaw  and  Merrill, 
1966;  Stephenson  and  Stephenson,  1952;  Taylor,  1957;  Tenore,  1970;  Wulff  and 
Webb,  1969;  Zaneveld,  1972). 

Many  of  the  organisms  ccmonly  found  in  the  bays  and  estuaries  are  also 
corrmon  in  coastal  and  oceanic  waters.  Many  planktonic  forms,  oomnercial ly 
Lm[iortant  benthic  invertebrates,  and  fishes  have  been  found  both  in  Chesapeake 
Bay  and  offshore,  or  during  part  of  their  life  cycle  move  either  into  or  out 
of  Chesapeake  Bay  in  large  numbers  (Cowles,  1930) .  The  estuaries  serve  as 
nursery  grounds  for  many  important  fishes.  Many  of  the  algae  observed  on 
ooastal  intertidal  and  subtidal  surfaces  off  Delaware  also  occur  in  estuaries 
and  bays  (Zaneveld,  1972) .  Large  numbers  of  dislodged  terrestrial  and  marsh 
plants  have  been  found  far  offshore  where  they  are  considered  to  be  important 
contributors  of  organic  material  to  the  ecology  of  deep  benthos  (Rowe  and 
Menzies,  1969).  Many  of  the  fouling  organisms  found  at  Hampton  Roads  are  also 
found  at  locations  offshore  (Daugherty,  1961;  Shaw  and  Merrill,  1966). 

Large  volumes  of  suspended  particulate  matter  are  flushed  out  of  Chesapeake 
Bay  (Schubel  and  Biggs,  1969),  thus  becoming  available  to  coastal  trophic 
cycles.  Terrestrial  dissolved  humic  substances  (gelbstoff)  originating  from 
the  biodegradation  of  trees,  plants,  rrarsh  grasses,  and  estuarine  algae  are 
transported  out  of  the  streams  and  estuaries  of  the  Carolina  -  Virginia  coast 
(Culliney,  1972) .  The  phenolic  and  carbohydrate  compounds  of  gelbstoff  are 
used  directly  and  indirectly  by  coastal  organisms  and  in  seme  areas  may 
be  more  abundant  than  those  available  frem  phytoplankton  (Seiburth  and  Jensen, 
1968,  1969).  Thus,  it  is  clear  that  the  estuaries  of  this  Area  contribute 
significantly  to  the  maintenance  of  the  coastal  and  offshore  ecosystems.  For 
further  information  on  the  estuaries,  readers  can  refer  to  a  comprehensive 
review  of  bio)'  '.cal  and  ecological  data  collected  in  Chesajreake  Bay,  including 
descriptions  and  checklists  of  many  benthic  groups  (McErlean,  Kerby  and  Wass, 
1972)  . 


(2)  Intertidal  zone — The  coastal  intertidal  zone  of  the 
Hampton  Roads/Norfolk  Operating  Area  is  divided  into  two  very'  distinct  types: 
rocky  intertidal,  including  rock  jetties,  groins,  navigation  aids,  pilings,  and 
other  manmade  objects;  and  sandy  intertidal,  which  includes  the  extensive  sandy 
beaches  of  Virginia  and  North  Carolina.  The  rocky  intertidal  benthos  is 
dominated  iiy  sessile  filter-feeding  organisms  and  attached  algae  usually  of 
microscopic  size.  The  sandy  intertidal  benthos  is  dominated  by  microscopic , 
interstitial  organisms,  which  are  filter  feeders,  detritus  feeders,  and 
scavengers,  and  relatively  few  large  animals.  Attached  plants  are  rare  in 
the  sandy  intertidal  zone.  They  may  appear  on  the  beach  after  dis lodgement . 

The  rocky  intertidal  zone  is  typified  by  distinct  horizontal  zones  of 
organisms  (fig.  33).  These  zones  contain  organisms  of  similar  tolerances  and 
preferences  for  temperature,  salinity',  desiccation,  and  extremes  of  submergence 
and  ox[)osure.  Depth  zonation  is  cannon  in  benthic  communities,  but  nowhere 
more  distinct  and  clear  cut  than  in  the  rocky  intertidal  zone. 

Typically  the  uppermost  zone,  which  is  rarely  submerged  and  receives 
moisture  mostly  in  the  fern  of  spray  and  wave  spilashing,  is  occupied  by 
Suva  1  L  molluscs  such  as  snails  and  by  .small  blue-green  and  green  algae 
(Tig.  33).  This  zone  is  usually  sparsely  |xi|xilated. 
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The  second  deeper  zone  receives  a  great  anount  of  breaking  wave  action 
and  is  uncovered  by  most  low  tides.  It  is  often  dominated  by  the  green  algae 
Ulva  lactuca  and  Enteranorpha  in tes final is ,  the  bryozoan  Bugula  neritina,  the 
gi'ail  Littorina  littorea,  the  mussel  Mytilus  edulis ,  and  the  acorn  barnacles, 
Balanus  trigonus  and  B.  improvisus  (Cowles,  1930;  Gosner,  1971;  Zaneveld,  1972). 
Competition  for  space  in  this  and  the  other  lower  zones  is  keen.  Clean 
surfaces  are  readily  fouLed  by  attaching  organisms.  As  the  intertidal 
conmmity  develops  and  individuals  grew,  crowding  and  overgrowth  occur, 
since  space,  not  nutritional  retirements ,  is  the  limiting  factor. 

The  third  deeper  zone  is  influenced  greatly  b/  the  orbital  motion  of 
waves  and  to  sane  extent  by  breaking  waves,  and  is  submerged  during  most 
low  tides.  This  zone  is  cannon ly  dominated  by  the  brown  algae  Fucus  vesiculosus 
<:.nd  Ectocarpus  confervoides ,  the  nudibranch  Acanthodoris  pi losa ,  the  oysters 
Ostrea  equestris  and  Crassostrea  virginica,  the  barnacle  Chthamalus  fragilis, 
the  tunica tes  Stye la  plica ta,  and  numerous  grazing  and  predatory  crabs  and 
iishes  (fig.  33)  (Cowles,  1930;  Gosner,  1971;  Marcus,  1961;  McDcxigal,  1943; 

Shaw  and  Merrill,  1966;  Stephenson  and  Stephenson,  1952;  Wulff  and  Webb,  1969; 
Zaneveld,  1972) .  The  lowest  tidal  zone  which  is  uncovered  only  during  the 
lowest  low  tides  is  oormonly  occupied  by  the  red  algae  Gracilaria  verrucosa 
and  Ceramium  rubrum,  the  sponge  Microciona  prolifera,  various  sertularid  and 
plumularid  hydroids,  the  bryozoans  Schizoporella  unicornis  and  Hippoporina 
americana,  and  many  grazing  and  predatory  crabs  and  fishes  (fig.  33)  (Cowles, 
1930;  Gosner,  1971;  McDougal,  1943;  Stephenson  and  Stephenson,  1952;  Wulff  and 
Webb,  1969).  Below  the  lowest  zone  the  organisms  characteristic  of  the 
intertidal  zones  integrate  with  those  oermon  to  littoral  depths  and  gradually 
disappear  with  increasing  depth. 

Few  published  reports  exist  on  the  ccrinunity  canposition,  ecology,  and 
diversity  of  sandy  beach  intertidal  zones.  The  North  Carolina  sandy  beach 
aannunity  is  typified  by  law  diversity  and  low  density  (Dexter,  1969). 

Daninants  are  the  bivalve  Donax  variabilis,  snail  oopepods,  the  haustoriid 
amphipod  Neohaustorius  schmitzi ,  the  mole  crab  Bnerita  talpoida ,  the  polychaete 
Soololepis  squama ta,  and  the  sand  dollar  Mellita  quinquesperforata  (fig.  33) 
(Dexter,  1967,  1969;  Pearse,  1942).  Most  of  the  organisms  such  as  the 
amphipods,  molluscs,  and  copepods  are  suspensiort  or  filter  feeders.  Others 
such  as  the  crabs,  amphipods,  and  polychaetes  are  scavengers  and 
detritus  feeders  (Dexter,  1969) .  Though  vertical  zonation  exists  in  the 
sandy  intertidal  benthos,  it  is  less  distinct  than  in  the  rocky  ccrrmunities , 
the  dominant  organisms  having  wider  ranges  of  depth  distribution. 

(3)  Continental  Shelf — The  sediments  of  the  Continental  Shelf 
are  generally  sands  with  occasional  mud  and  gravel  beds  and  submerged  rock  - 
coral  reefs.  Most  benthic  organisms  are  adapted  to  crawl  over  these  fine 
sediments  without  sinking  or  to  burrew  through  or  dig  into  them.  Hie  benthic 
oonmunity  typically  is  diverse  and  abundant.  Carmon  groups  of  animals  with 
examples  of  each  are:  scallop  (Placopecten  magellanicus) ,  clams  (Arctica 
islandica  and  Mercenaria  mercenaria) ,  polychaetes  (Hyalinoecia  artifex  and 
Ponatoceros  caeruleus) ,  crabs  (Cancer  borealis) ,  sea  stars  (Asterias  forbesi) , 
and  demersal  fishes  ( Para lich thy s  dentatus)  (fig.  33). 
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SLOPE  BOTTOM-ABYSSAL  PLAIN 


Nurrerous  benthic  samples  have  been  gathered  by  Weeds  Hole  Oceanographic 
Institution  (WHOI)  off  the  east  coast  of  the  U.S.  (fig.  34).  The  biological 
components  of  the  shelf  sediments  collected  by  &HOI  consisted  of  a  mollusc- 
daninated  infauna,  echinoderm-dcminated  epi fauna,  and  many  species  of 
crustaceans  and  polychaetes  (Hathaway,  1971;  Mil liman,  1972) .  Somewhat  north 
of  the  study  Area  but  within  a  biologically  similar  environment,  benthic 
animal  abundance  increases  from  6,000  individual s/m 2  near  shore  bo  13,000 
individuals/in2  at  the  shelf  edge  reaching  a  minimum  of  25  to  100  individuals M 2 
at  5,000  meters  depth.  Molluscs,  polychaetes,  sipunculids,  crustaceans,  and 
echi  node  arts  constitute  85  percent  to  100  percent  of  the  fauna  (Sanders  et  al . , 

1965;  Sanders  and  Hessler,  1969) .  The  camon  molluscan  macrobenthos  observed 
by  underwater  photography  off  the  northeast  coast  frcm  Maine  to  Cape  Hatter as 
includes  numerous  crustaceans,  annelids,  and  echinoderms  whose  geographic 
distribution  covers  adjoining  sections  of  the  Middle  Atlantic  Shelf  (Ccwles, 

1930) .  Many  bivalve  molluscs  occur  in  nearshore  sediments  off  Assateague 
Island,  decreasing  in  numbers  offshore  (Henderson  and  Bartsch,  1915) .  Ocean 
quahogs  (Mercenaria  campechiensis)  occur  in  abundance  in  sandy-shell  and 
sandy-silt  sediments  off  Assateague  Island  and  in  smaller  numbers  in  10m  to 
30m  depths  off  Maryland,  Virginia,  and  North  Carolina  (Merrill  and  Ropes ,  1967). 

The  lobster  Hanarus  americanus  and  the  crabs  Cancer  irroratus,  C.  borealis, 
and  Munida  iris  are  the  most  camon  decapods  along  the  shelf  edge  frcm  Delaware 
to  North  Carolina  (Musick  and  McEachran,  1972) . 

Several  benthic  surveys  have  been  conducted  in  the  vicinity  of  Cape 
Hatteras,  partly  because  of  its  significance  as  a  faunal  boundary.  The  sea 
star  Astropecten  americanus ,  rock  crabs  Cancer  borealis  and  CL_  irroratus , 
gala  the  id  shrirrp,  and  sea  anenanes  were  the  most  camon  of  211  species  collected 
in  depths  less  than  200m  off  Cape  Hatteras  (Cerame-Vivas  and  Gray,  1966) . 

About  241  species  of  bryozoans  and  5  species  of  entoprocts  were  collected  in 
a  survey  of  shelf  sediments  frcm  Florida  to  New  Jersey  (Maturo,  1968) .  Sane 
110  species  of  polychaetous  annelids  have  been  found  in  inshore  waters  off 
Cape  Hatteras  and  Pamlico  Sound  (Wells  and  Gray,  1964) .  Seme  70  species  of 
marine  sponges  have  been  found  in  the  inshore  waters  of  North  Carolina 
(Wells,  1960a).  The  shallow  water  (50-500m)  meiofauna  consists  of 
animals  smaller  than  0.500  rrm  dominated  by  nematodes,  numerous  copepods, 
ostracods,  foraminiferans,  polychaetes,  gastrotrichs ,  and  others,  virile  the 
fauna  below  500m  is  mostly  made  up  of  nematodes  and  foraminiferans  (Tietjen,  1971) . 

Data  frcm  the  many  benthic  surveys  conducted  south  of  Cape  Hatteras 
generally  are  applicable  only  to  the  waters  south  of  Cape  Hatteras  because 
environmental  conditions  have  established  a  faunal  boundary  in  the  cape  vicinity. 
The  benthic  populations  of  the  shelf  edge  and  upper  slope  south  of  Cape  Hatteras 
occur  in  restricted  ribbons  or  zones  pared  lei  with  depth  contours  (Rowe  and 
Menzies,  1969).  Coralline  algae  ( Lithothamnion)  and  corals  are  ccrmon  on 
the  shelf  and  shelf  edge  south  and  southeast  of  Cape  Hatteras .  Lithothamnion 
growths  often  form  submerged  reefs,  which  host  a  diverse  and  abundant  fauna. 

The  upper  reef  sandy  fauna  is  dominated  by  the  bivalve  Glycymeris  undata. 

Hydro ids ,  gorgonians,  bryozoans,  and  echinoids  dominate  the  epi fauna?  assemblage 
of  the  reefs.  The  lower  reefs  sandmud  assemblage  is  dominated  by  the  gas¬ 
tropod  Polystira  florencae  and  the  brachyuran  crustacean  Acanthocarpus  alexandri. 
The  epi fauna  of  these  reefs  is  an  important  nutritional  element  of  the 
oarmercially  important  demersal  fishes  of  the  Carolinas  (Menzies,  1966). 

Same  112  species  of  invertebrates  attach  to  calico  scallop  (Aequipecten 
gibbus)  shells  30  to  40m  deep  off  Core  Banks,  North  Carolina.  The  barnacles 
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Raiamic  anpiii  trite  and  B.  calidus  dominate  the  epi fauna  of  these  shells  (Wells 
et  al. ,  1964) .  More  than  240  species  of  molluscs  are  coincident  with  Aegiupecten 
qibbus  20  to  30m  deep  off  Cape  Lookout  (Porter,  1971) .  Many  molluscs,  including 
the  scallops,  are  eaten  by  the  starfish  Astropecten  articulatus  (Porter,  1971, 
1972) .  Four  ccrmercial ly  important  molluscs  are  oorrmon  in  the  vicinity  of  Cape 
Hatteras.  The  Atlantic  deep  sea  scallop  Plaoopecten  magellanicus  occurs  north 
of  Cape  Hatteras  in  water  deeper  than  40m;  the  bay  scallop  Argopecten  irradians 
occurs  in  bays,  sound,  and  inlets;  and  the  calico  scallop  Argopecten  qibbus 
is  found  in  20  to  40m  of  water  off  Cape  Lookout  (Porter,  19 7 IT .  The  southern 
quahog  Mercenaria  campechiensis  is  cannon  between  Cape  Lookout  and  Beaufort 
Inlet  in  10  to  20m  depths  (Porter  and  Chestnut,  1962) . 

The  invertebrate  fauna  associated  with  Oculina  coral  heads  at  Cape  Lookout 
is  very  diverse  (more  than  300  species)  and  abundant.  The  inshore  coral 
community,  which  is  exposed  to  heavy  surf  and  orbital  motion  of  waves,  is 
dominated  by  the  boring  bivalve  Lithcphaga  bisulcata,  the  oyster  Qstrea 
agues tr is,  the  sipunculid  Paraspidos lphon  parvulus,  the  polychaetes  Syl lis 
gracilis  and  Nereis  oocidentalis,  and  tanaid  and  cirripede  crustaceans. 

Forty  kilaneters  offshore,  where  environmental  conditions  are  relatively 
stable,  Oculina  corals  are  less  abundant  than  inshore,  and  are  accompanied  by 
sponge-oc  tocor  al  hydro  id  epi  fauna.  The  community  associated  with  the  offshore 
Oculina  heads  is  dominated  by  the  anemone  Aiptasia  pallida,  the  polychaetes 
Syl  lis  spongioola  and  S^_  gracilis,  tanaid  crustaceans,  the  amphipod  Erich  thoni  us 
sp. ,  and  the  isopod  Jaeropsis  coralicola.  The  ccrposition  of  the  coral 
communities  changes  as  the  coral  heads  mature  and  undergo  degradation  by  the 
boring  bivalve  Lithophaga  bisulcata  (McCloskey ,  1970). 

(4)  Continental  slope — The  literature  is  sparse  on  the  benthic 
fauna  of  the  slope  between  Delaware  and  Cape  Hatteras.  Most  studies  have  been 
conducted  by  WHOI  just  north  of  the  Area  and  by  Florida  State  University  and 
IXike  University  off  Cape  Lookout  and  South  Carolina. 

The  benthic  fauna  of  the  northern  section  of  the  Area  is  dominated  by 
polychaetes,  crustaceans,  bivalves,  and  sipunculids  (Hathaway,  1971;  Sanders 
et  al.,  1965;  Sanders  and  Hessler,  1969).  As  many  as  365  species  occur  at  a 
depth  of  1,400  m  on  the  slope .  The  abundance  of  benthic  organisms  generally 
decreases  and  the  oomnunity  composition  changes  with  increasing  depth  (Sanders 
and  Hessler,  1969) . 

South  of  Cape  Hatteras  similar  generalizations  apply  to  the  benthos  of 
the  slope,  i.e.,  changing  community  composition  and  decreasing  abundance  with 
increasing  depth  (Grassle,  1967) .  Here,  the  benthic  oarmunities  occur  in 
ribbonlike  horizontal  zones.  The  upper  slope  (200-1, 000m)  population  is 
characterized  by  the  polychaete  Hyalinoecia  art if ex ,  the  sea  star  Astropecten 
americanus ,  crabs  Cancer  borealis  and  Munida  valida,  and  the  hermit  crabs 
Catapagurus  sharreri  and  Parapagurus  pilosimanus.  In  the  deeper  (1,000-3, 000m) 
portions  of  the  slope  the  fauna  changes  narkedly  because  of  the  influence 
of  bottom  currents  flowing  southward .  At  these  depths  the  benthic  population 
is  characterized  by  the  polychaete  Hyalinoecia  artifex,  the  urchin  Phormosana 
placenta,  the  brittle  stars  Ophicmusium  lymani,  Qphiocantha  simulans  and 
Bathypectinura  heros,  and  the  hermit  crab  Parapagurus  pilosimanus  (Menzies,  1972; 
Rowe  and  Menzies,  1969) .  The  distribution  and  abundance  of  these  organisms 
appear  to  be  influenced  by  temperature  fluctuations  and  sediment  size  which 
in  turn  are  related  to  the  movanents  and  proximity  of  the  Gulf  Stream  (Rcws 
and  Menzies,  1969).  Because  of  the  indurated  (hardened)  type  of  sediments, 


the  benthic  macrofauna  of  Hatteras  Canyon  is  markedly  different  from  that  of 
nearby  shelf  and  slope  areas  (Rcwe,  1971) . 


(5)  Slope  bottcn  -  abyssal  plain — Data  are  not  available 
on  abyssal -benthic  populations  within  the  Area.  However,  data  collected  north 
and  northeast  of  the  Area  (Sanders,  et  al.,  1965;  Sanders  and  Hessler,  1969)  and 
southeast  of  the  Area  (Rowe  and  Menzies,  1969;  Menzies,  1972)  should  apply  to 
the  fauna  that  occurs  north  and  south  of  Cape  Hatteras ,  respectively.  Hie 
northern  abyssal -benthic  fauna  is  typified  by  a  diverse,  low-density  ocmmunity 
dominated  by  species  of  polychaetes ,  crustaceans,  bivalves,  and  sipunculids. 

Also  oorrmon  are  pogonophorans ,  ophiuroids,  anemones,  solenogastres,  gastropods, 
scaphopods,  and  various  demersal  fishes.  The  dominance  of  polychaetes  tends 
to  decrease  seaward  as  the  importance  of  crustaceans  simultaneously  increases 
(Sanders,  et  al.,  1965). 

South  of  Cape  Hatteras  the  abyssal -benthic  rrvacrofauna  is  typified  by 
the  sponge  Euplectella  suberea,  the  soft  coral  Anthcmastus  glandiferous ,  the 
sea  pens  Pennatula  aculeata  and  Umbellula  lindahli ,  the  holothurians  Euphronides 
depressa  and  Pi lopa  tides  gigantea,  and  the' hermit  crab  Parapagurus  pi losimanus 
(Rowe  and  Menzies,  1969).  This  population  is  similar  to  the  upper  abyssal 
fauna  found  farther  to  the  south  off  South  Carolina  (Menzies,  1972). 

c.  Abundance  and  biomass — The  abundance  and  bicmass  of  benthic 
fauna  generally  increase  from  near  shore  to  the  shelf  edge  and  decrease  from 
the  shelf  edge  to  the  abyssal  plain.  Along  the  Gay  Head,  Massachusetts- 
Bermuda  Transect,  abundance  increases  frcm  a  maximum  of  6,000  organisms/m2 
near  shore  to  a  maximum  of  23,000/fa2  at  the  shelf  edge,  then  decreases 
to  500/fa2  at  the  bottcn  of  the  slope  and  25  to  100/fa2  on  the  abyssal  plain 
under  the  Sargasso  Sea  (Sanders  and  Hessler,  1969) .  Between  depths  of 
23  and  507m,  on  the  shelf  between  Cape  Cod  and  Delaware  the  range  of  biomass 
is  2  to  1,057  g/m2,  averaging  156  g/m2  (Emery  et  al.,  1965).  The  decrease 
in  abundance  in  the  deep  benthos  is  attributable  to  a  gradual  decrease  in 
availability  of  food  originating  in  the  euphotic  zone  (Sanders  and  Hessler, 
1969). 

Available  data  on  intertidal  and  inshore  abundance  and  bicmass  of  benthos 
are  scarce.  Fouling  accumulates  on  exposed  surfaces  in  the  mouth  of 
Chesapeake  Bay  at  a  maximum  rate  of  162  g/cm2/yr  (Daugherty,  1961) .  Oysters 
occur  in  concentrations  up  to  115  per  buoy  in  the  mouth  of  Chesapeake  Bay 
(Shaw  and  Merrill,  1966) .  Approximately  one  larva  per  130  cm2  of  surface  set 
on  plates  exposed  for  3  months  at  Beaufort,  N.C.  (McDcugal,  1943).  North 
Carolina  sand  beach  amphipods  occur  in  an  average  density  of  100  individuals/m2 
(Dexter,  1967) . 

Six  species  of  shellfish  occur  in  numbers  sufficient  for  ocrmercial 
exploitation  in  the  area:  Mercenaria  campechiensis,  Arctica  islandica, 

Spisula  solidissima,  Placopecten  magellanicus,  Argopecten  irradians,  and  A._ 
gibbus  (Merrill  and  Ropes,  19677  Porter,  1971;  Porter  and  CFfestriutT  1962; 

Wig  ley  and  Brery,  1968)  .  Ccmmercially  harvestable  lcbsters  and  crabs 
occur  in  concentrations  of  up  to  30  animals  per  station  at  depths  of  70  to 
270m  (Musick  and  McEachran,  1972) . 

On  the  southern  continental  slope  the  ccxmon  polycnaete  Hyalinoecia 
artifex  and  the  ophiuroid  Qphicmusium  lymani  have  been  photographed  in 
concentrations  of  15  organisms/m 2  and  10/fa2,  respectively.  On  the  continental 
rise  the  epi faunal  assemblage  is  composed  of  scattered  sea  pens  (limbollula 
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lindhali)  ,  and  in  deeper  water  on  the  Ilatteras  abyssal  plain  a  sparse  epifaunal 
pojxiiation  of  ophiuroids  (Amphiophiura  bul lata)  exists  (Howe  and  Monzies,  1969). 
An  11 . 5km- long  ine<jatrawl  tow  south  of  the  Area  at  2,300  to  2,500  meters  revealed 
57  species  of  animals  weighing  22,665  yrams  (average  biomass  of  0.8g/m2) 
(Menzies,  1972). 

d.  Diversity — Diversity  is  ccm;>uted  logarithmically  or  by  organism 
count  to  demonstrate  relative  numbers  of  organisms  in  biological  eurrmunities. 
High  diversity  in  a  benthic  conmunitv  indicates  that  many  species  of  organisms 
are  capable  of  surviving,  thriving,  and  reproducing  in  the  carmunity  and,  in 
turn,  that  the  conmuni ty  is  "healthy." 

Table  I  shows  numerical  faunal  diversity  for  the  benthos  of  the  north¬ 
east.  coast  of  Nor th  America.  Studies  of  the  shallow,  pierside  fouling 
community  at  Beaufort,  Nor  th  Carolina,  shewed  a  numerical  diversity  of  69 
species  (McDouyal,  1943).  Sandy,  intertidal  ccrrm uni ties  have  sanewhat  lower 
diversity  (41  s;jecies)  (Dexter,  1969).  Littoral  benthic  ccmnunities  on 
the  North  Carolina  shelf  are  composed  of  at  least  211  species  (Cerame-Vivas 
and  Gray,  1966).  Approximately  170  S[xjcies  were  collected  during  a  study 
of  a  submerged  reef  south  of  Ca;x.‘  L/jokout  (Menzies,  1966)  .  A  total  of 
300  species  was  re; or ted  from  roofs  off  South  Carolina  and  southern  North 
Carolina  bourse  and  Williams,  1951).  At  least  112  species  of  inver¬ 
tebrates  attached  to  seal  lop  shells  off  Core  Banks ,  North  Carolina,  were 
identified  (Wells,  et  al . ,  19t>4)  .  In  a  later  study,  hewever,  241  species  of 
molluscs  alone  wire  found  .rsstxiiutod  with  Nor  th  Carolina  scallop  shells 
(Porter,  1971).  More  than  300  species  of  animals  <xx:ur  in  association  with 
coral  heads  off  Cape  I/x>kout  (McCloskey,  1970).  More  than  70  species  of 
invertebrates  occur  on  coquina  substrate  Ijetween  Cape  Ilatteras  and  Cape 
lookout  (Wells  and  Richards,  1962).  Thus ,  die  number  of  s;jecies  found  in  the 
intertidal  and  littoral  bonthejs  is  high,  the  actual  number  teing  dependent 
upon  the  specific  location,  lvjx>  of  substrate,  anel  tyjw  erf  method  of  study. 

In  deeper  water,  benthic  conmuni  ty  diversity  remains  hiejh,  similar  to 
that  of  a  shallow,  tropical  marine  environment  such  as  in  the  Caribbean 
(Sanders  and  Messier,  1969).  Just  to  the  north  of  the  Area  365  species  occur 
at  1,400m,  257  at  2,496m,  208  at  2,864m,  310  at  2,891m,  and  196  at  4,680m 
(Sanders  and  Messier,  1969;  Messier  and  Sanders ,  1967).  Off  Cape  Lookout, 
faunal  diversity  in  slope  samples  exceeds  that  of  shelf  samples  (Grassle,  1967) . 
The  diversity  of  benthic  foraminifera  populations  in  the  western  North 
Atlantic  [oaks  at  35-45m,  100-200m,  and  below  2,500m,  while  generally  increasing 
with  depth  (Uuzas  and  Gibson,  1969). 

Benthic  logarithmic  (11')  diversity  values  have  been  calculated  by'  Boesch 
(1972)  for  stations  off  the  Virginia  and  North  Carolina  coast.  These  show 
a  trend  of  gradually  increasing  diversity  frem  the  shallow  shelf  (4-30m)  to 
the  outer  shelf  (100-200m)  and  to  the  upper  slope  (450-600m)  (fig.  35).  In 
the  mildly  pol luted  waters  of  Hampton  Roads  and  the  oligohaline  water  of 
the  York  River  -  James  River  area  diversity  is  the  least  observed  in  the  study 
area  (fig.  35)  (Boesch,  1972).  However,  less  diversity  has  teen  observed  in 
the  highly  polluted  waters  of  Los  Angeles,  California,  harbor. 

Several  authors  have  pro;x>sed  that  H'  diversity  indices  can  be  used 
as  a  criterion  or  measure  of  water  cjuality  and  valuable  indicators  of  the 
influence  of  ;x>! lution  on  the  benthos  (Wilhem  and  Dorris,  1968;  Armstrong, 
et  al.,  1971;  Bocsch,  1972).  Numerical  and  M'  diversity  data  calculated  for 
the  benthos  in  this  Area  and  sunmarized  in  this  report  indicate  that  the 
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BENTHIC  DATA  COLLECTION  SITES 


TABU  I.  NUMBERS  OF  SPECIES  OF  EACH  MAJOR  PHYLUM  FOUND  IN  FIVE  PRINCIPAL  ZONES 
AS  ENUMERATED  BY  VARIOUS  AUTHORS 


Protozoa 

Porifera 

Coelenterata 

1 

i 

1 

Anntltda 

■3 

(n 

-0 

bi 

i 

Arthropoda 

f 

£ 

& 

Vertebrata 

ESTUARY 

No 

Data 

3  (  5) 
6(10) 
23(17) 

10  (  5) 

1  (  9) 
7(10) 

3  (  5) 

4  (  9) 

23  (  5) 
8(10) 

35  (  5) 
38  (  9) 
4(10) 

2  (  5) 

2  (  9) 

7  7  (  1) 

1 4  (  5 ) 
29  (  9) 
12 (10) 

57  (  5) 
25  (  9) 
24(10) 

3  (  9) 

3  (10) 

1  (  4) 

1  (  5) 

3  (  9) 

6  00) 

INTERTIDAL  (0  to  -  2M) 

No 

Data 

8  (  5) 
7(17) 

61(5) 

11(  5) 

50  (  5) 

4 0  <  5) 

1  (  5) 

103 (  5) 

36  (  5) 

8  (  5) 

1  0  (  5) 

LITTORAL  TO  SHELF  BREAK  (2  to  -  200M) 

5(19) 

2<  2) 

5  (  4) 

3 5  (  5) 

1  (  9) 
4(12) 
25(13 
45(17) 
3(19) 

2 1  (  2) 

1 0  (  4) 

1 74  (  5) 

2  (  9) 
9(12) 
10(13) 
14 ( 19) 

4  1  <  5) 

6  (  9) 
2(12) 
5(13) 
5(19) 

1  7  (  4) 

1 0 7  (  5) 
246 (  8! 
4(12) 
24113) 
17(19) 

4  (  2) 
36  (  4) 
268 (  5) 
39  (  9) 
17(12) 
32(13) 
16(19) 
110(20) 

7  (  5) 

2  (  9) 
2(12) 
1(13) 

61  (  2) 
207 (  3) 
420 (  5) 
57  (  6) 
42  (  9) 
62(12) 
38(13) 
241(14) 
66(15) 
74(18) 
27(19) 

8  1  (  2) 

4  3  (  4) 
249  (  5) 
35  (  9) 
48(12) 
70(13) 
16(19) 

41  (  2) 

9  (  4) 

9  3  (  5) 

3  (  9) 
14(12) 
13(13) 

2  (19) 

4 8  (  5) 

3  02) 
78031 

2  09) 

CONTINENTAL  SLOPE  (200  to  ■  3000M) 

No 

Data 

6  (  7) 
6(11) 
1(16) 

16  <  7) 
7(11) 
6(16) 

4  (  7) 

l<  7) 

91  (  7) 
2(11) 

1  (16) 

1 67 (  7) 
16(11) 
3(16) 

20  (  7) 
12(11) 
906) 

B 

SLOPE  BASE/CONTINENTAL  RISE  l  -3000M) 

No 

Data 

n  . 

1(  7) 

in  7) 

47  (  7) 

2  (  7) 

35  (  7) 

84  (  7) 

1  (16) 

1  (  7) 

AUTHOR  LIST 


1.  Andrews,  1956 

2.  Cerame-Vi vas  and  Gray,  1966 

3.  Coomans,  1962 

4.  Cowles,  1930 

5 .  Gosner ,  1971 

6.  Henderson  and  Dartsch,  1915 

7.  Hessler  and  Sanders,  1967 

8.  Mature,  1968 

9.  McCloskey ,  1970 

10.  McDougal,  1943 


11.  Menzies,  1972 

12.  Menzies,  1966 

13.  Pearse  and  Williams,  1951 

14.  Porter,  1971 

15.  Porter,  1972 

16.  Rowe  and  Menzies,  1969 

17.  Wells  et  al.,  1960 

18.  Wells  et  al.,  1964 

19.  Wells  and  Gray,  196-1 


EXAMPLE  OF  USE:  3  species  of  Porifera  in  the  Estuary  Zone 

were  identified  by  author  No.  5  (Gosner,  1971). 
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FIGURE  35  DIVERSITY  VALUES  FOR  MACROBENTHOS  OFF  VIRGINIA  AND  OTHER  AREAS 
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offshore  waters  between  Delaware  and  Capo  Lookout  are  "healthy."  Diversity 
values  compare  favorably  with  those  of  other  yco.jrapfu c  areas,  including 
highly  productive  temperate  regions.  Of  the  regions  where  diversity  has 
been  calculated,  it  is  lowest  only  in  the  polluted  Hampton  Ruuds  and  York 
River  -  James  River  regions  (fig.  35)  (Boesch,  1972). 

e.  Zoogeographic  distribution — Thouyh  most  animals  ore  restricted 
by  temperature  and  other  regimes,  same  are  cosmopolitan  and  inhabit  numerous 
zoogeoyraphic  provinces.  In  studies  of  marine  benthos  large  geographic  areas, 
called  faunal  provinces,  arc  delineated  by  sharp  tapper a ture  boundaries  and/or 
prominent  physiographic  features  of  adjacent  landimsses. 

Cape  Hatteras  has  long  been  recognized  as  an  important  faunal  boundary 
because  of  the  .sharp  north-south  tempera  Lure  change  associated  with  it  and  the 
position  of  the  Gulf  Stream  relative  to  it.  At  Cape  Hutteras,  the  northerly 
flawing  Gulf  Stream,  with  its  relatively  warm  water,  ceres  into  dynamic  con¬ 
tact  with  the  southerly  flawing  colder  water  of  the  coastal  current.  Both 
water  masses  lend  to  the  east  and  flew  away  from  the  coast  (Vernbery  and 
Vernbery,  1970a) .  The  marine  area  between  Cape  Cod  and  Cape  Hatteras  is 
often  called  the  Virginian  Faunal  Province;  and  the  area  from  Cape  Hatteras 
to  Cape  Kennedy,  Florida,  the  Carolinian  Faunal  Province  (fig.  36)  (Coupons, 
1962).  The  area  offshore  frem  North  Carolina  and  taneath  the  Gulf  Stream 
inhabited  by  warm-water  organisms  is  called  the  Tropical  Faunal  Province 
(fig.  36)  (Cerame-Vivas  and  Gray,  1966). 

Although  authorities  disagree  over  delineation  and  naming  the  fauna) 
provinces  north  and  south  of  Cape  Hatteras.-  many  of  the  species  that 
occur  north  of  Cape  Hatteras  do  not  occur  south  of  it  and  vice  versa.  For 
example,  less  than  30  percent  of  the  Carolinian  decapod  fauna  occurs  north 
of  Capo  Hatteras  (Gas ner,  1971).  Less  than  50  percent  of  the  Virginian 
mollusc  fauna  ranges  south  of  Cape  Hatteras,  and  42  percent  of  the  molluscs 
found  at.  Beaufort  occur  in  the  Virjinian  province  (Coupons,  1962). 

Op i. st hob ranch  molluscs  are  generally  widespread  in  distribution  except  for 
tropical  west  Atlantic  species,  which  are  prevented  from  extending  northward 
by  Cape  Hatteras  (Franz,  1970).  Of  74  spc'cios  of  algae  col  looted  at  Delaware, 
all  are  known  to  occur  north  of  Cape  May,  NYv  Jersey,  and  47  are  knewn  to 
occur  south  of  Cape  Hatteras  (Table  II).  Thus,  the  algae  of  the  Delaware  area 
is  temp  erate-)x>  real  and  originate  from  <xxld  northern  waters  (Zanevcld,  1972). 

In  laboratory'  experiments  s|xicios  of  invertebrates  of  the  Cijjc  Hatteras 
area,  with  southern  affinity,  survive  higher  tapperatures  than  more  northerly 
displaced  species .  Many  of  the  southern-affinity  species  could  not  survive 
low  temperatures  that  arc  characteristic  of  either  the  water  mass  north  of 
Cape  Hatteras  (Virginian)  or  the  waters  between  the  Gulf  Stream  and  the  shore 
(Carolinian)  (Vemberq  and  Vemlerg,  1970b). 

Of  the  107  species  of  organisms  found  on  a  submerged  reef  southeast  of 
Cape  i/jokout,  97  (91  percent)  have  southern  distributional  affinities,  6 
(5  percent)  are  cosmopel  iton,  and  4  (4  percent.)  are  typical  northern  forms 
(Monzics,  et  al.,  1966).  Only  8  of  the  211  spxcies  found  north,  south,  and 
east  of  Cape  Hatteras  are  coupon  to  all  throe  faunal  provinces  (Virginian, 
Carolinian,  and  Tropiical)  (fig.  36).  Sixteen  percent  of  the  Carolinian  spjeeies 
occur  offshore  in  the  Tropiical  province.  Ten  percent  of  the  Carolinian  fauna 
are  found  in  the  Virginian  province.  Species  found  in  the  Virginian 
pjrovince  were  not  found  in  the  Trop  ical  provino*  (fig.  36).  Thus,  the  lettun 
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temjc-ruture  ixourxiuries,  winch  reach  a  maximum  di  t  ten-nee  ot  15°(.’  in  winter, 
ate  tonniduble  Ixu  t  iers  Ix-tween  these  areas  (Ceramr— Vivas  and  Cray,  1966). 

Ttxouqh  Cup-  llatter.it;  it;  a  well-known  loarrier  to  the  distribution  ot 
littoral  U'nthic  animals,  sum-  overlaps  exist  in  distribution  of  species  north 
.ind  soutii  of  it,  us  indicated  in  the  p-roentaqes  .qiven  ulxjve.  Also,  sane 
northern  aixl  southern  sp.-eies  liuve  overluppmq  thermal  limits  .it;  determined 
in  laboratory  expriments  (Vernlx.-rq  ^mci  Vernlx-rq,  1970a  J>  b) .  Certain  orqunisms 
ot  tiie  Ijcnthou,  such  .it;  pjlychuetes,  an-  euiyt liennal ,  and,  Uiou-jh  tiiey  display 
northern  and  southern  ailinities,  sane  sp-cies  occur  in  Ixjth  tile  Viryiiu.in  ml 
Carolinian  provmees  (Wells  .ind  Cray,  1964).  The  intertidal  organisms  at 
heautort  and  C.  tj « -  Lookout  have  southern  all  unties,  but  many  of  them  also 
occur  nortii  ot  Cup-  Hut  terns  -  >t  are  ixosiu >[xil  i  t an ,  prompt  inq  Ft.oplx-nson  uixl 
Stephenson  (1992)  to  eall  tile  Carolinian  province  (lie  "Trans  i  t  iorul  Faunal 
Ft  ov nice.  " 

The  blue  mussel  Mytilus  edulis,  which  is  a  typical  nortliein  ixold-water 
oninul,  occasional ly  is  tr.insjui  tei  in  tile  lan.nl  stuqe  southward  aiuurxl  Cup- 
Hat  t  eras  by  storm-i  it -aerated  water  currents,  ‘ilius,  M.  .-dulis,  wliieh  is  ki  1  li-d 
In  80°  F  water  t  emj  vrut  ures ,  anti  urxothei  northern  S]  vi'ie;  till  onus  Ixilanoides , 
occur  sporadically  durinq  the  winter  at.  heuutort  and  other  Carolinian  hx'ut  ions 
(Wells  anti  Cray,  1960a).  Those  nor  Lhern-u!  I  ini  ty  speies,  txxv  vei  ,  are 
t  r.uisported  and  survive  transput  only  durinq  tiie  winter  when  water  t  imp -i  at  ures 
are  tolerable  .uxl  die  durinq  tire  sunnier  (Cet ome- Vivas  uix!  Cray,  l<»fx<>)  . 

t.  Discussion — As  indicated  }>y  tiie  tuni’iunity  o  or.posi  t  ion,  tlist  r  ibut  ion 
diversity,  and  .ilnmdiineo  data  presented  above,  tlx-  U-ntlios  ot  tiro  ILuiq  ton 
Root  is /Nor  folk  Op-ratinq  Area  is  a  very  important  put  ot  tiie  mrrine  eojloiic.il 
system.  Tlx-  abundance  and  biomass  ot  the  U-nthie  orqunisms  on  the  Cont  mental 
Six'  1 1  are  hiqh,  decreusinq  qruduul  ly  dam  tire  cont  mental  slop-.  Tlx-  diversity 
<rf  tile  benthic  t \ minimi  t.  i es  at  all  depths  i  s  hiqh,  except  in  p-llutoi  inshore 
waters.  Caimv'reiul  ly  important  mol  luscs  ..uxl  c rust  act  -.ut;  arc  a!  -und.uit  on  the 
shelf.  l>*ptii  aixl  tlist  ribut  ion  pitteriis  ot  tiie  li-nlhic  . trimmi  t  ies  are  st.rble 
.ind  predictable.  Tlx’  influence  c > t  l.he  warm  dill  bt.ie.in,  pu  t  icularly  ot  t 
Cape  Hat  torus,  increases  the  pnxluctivity  aixl  diwrsi  ty  ot  the  Ijonthoy  ot  fix- 
Art-a . 

In  the  evt-nt  of  thermal  add  i  turn,  ei  1  spill,  toxic  dump  inq,  spuls  dump inq, 
or  otiier  larae-scale  taiviroixa-nt.il  stj'ess,  lose  line  tlata  on  the  b-n tiros  are 
sufficient  in  mist  pirts  ot  tin-  Anu,  pntirulurly  near  Cap-  Hatteras  and 
Clx'sap'.ike  IViy,  to  assess  dumaqe  tti  ot  chanqe  in  tiie  lx-nthic  txmrruni  t  i<-s  wi  til 
respect  to  .  d  oundunce ,  bit  miss,  conriunity  t'omptsi  t  ion,  and  diversity  ot  the 
benthic  cormiuni t  ies.  For  example,  in  the  vicinity  ot  lurqe  or  aotivo  spul 
dump-;  on  tin'  shelf,  bentiiic  biaiuss,  .Unuxbuice,  and  diversity  should  decrease 
aixl  community  txni[wsi tion  should  chunqe  os  tilt'  orqumsms  at  toctixl  art'  ki  1  It'd 
or  driven  away.  Because  of  tiie  i  n  te  rdep -tx  It'  nee  of  tile  or  nanisms  on  var  ions 
trophic  levels  anil  depth  dories,  environmental  stress  Ui.it  n ‘suits  in  -iiaixies 
to  tiie  plankton  population  w  11  lx>  rot  lectixl  in  subset  p< -nt  chanqos  in  tin- 
b.-ntiios.  bikewist',  chantjes  in  tire  f  i.1  t.er- feed  inq  lx-nthic  population  will 
influence  tiie  obuixlance  of  predatory  sea  stars,  cr.ilis,  tishes,  arxl  otiier 
aniiails.  Finally,  foot!  chains  anti  exch.mqes  .uxl  Lransjxort  of  onjaiuo  mat t.ei 
Ix-tween  deptii  /tones  nuy  result  in  stresses  exerted  ion  one  pirt  of  tix  -  ecosystem 
tio  lx-  ret  looted  in  chaivjes  m  comnuiuty  eauposition  aixl  obumlance  m  aixotix-r 
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3.  Fisheries 


a.  Introduction — The  waters  of  the  Hampton  Roads/Norfolk  Operating 
Area  support  a  wide  variety  of  valuable  fishes  and  several  ccrmercially 
important  species  of  shellfish.  Exploitation  by  U.S.  and  foreign  fishermen 

is  fairly  heavy.  A  conmercial  (figs.  37  and  38)  fishery  for  both  human  consumption 
and  industrial  purposes  (i.e.,  catch  converted  to  meal  and  oil)  is  active, 
with  most  of  the  catch  taken  within  or  along  the  100-fathan  contour.  In 
addition,  a  widespread  and  active  sports  fishery  exists,  mainly  in  protected 
or  nearshore  waters. 

A  key  feature  of  the  fish  population  in  the  Area  is  the  extent  of 
migratory  activities  by  many  of  the  species.  TVio  basic  migratory  patterns  are 
discernible,  namely,  north-south  and  onshore-offshore.  The  major  species 
that  migrate  north-south  include  menhaden,  bluefish,  Atlantic  mackerel, 

Spanish  mackerel,  and  striped  bass.  These  migrations  are  essentially  coastal 
and  seldom  extend  seaward  of  the  Continental  Shelf  edge.  The  northward 
migration  usually  takes  place  in  spring  and  the  return  migration  in  autumn. 

Tuna  migrate  in  the  offshore  waters  of  the  Chesapeake  bight. 

The  onshore-offshore  migration  pattern  is  primarily  a  response  to 
temperature  conditions,  away  fran  shallow  waters  as  they  rapidly  cool  in 
autumn  and  toward  them  in  spring,  when  temperatures  rise  and  the  supply  of 
food  organisms  also  rises.  Thus,  many  of  the  comercial  species  included  in 
this  migratory  pattern,  such  as  flounder,  spot ,  porgy  (scup)  (which  also 
moves  somewhat  northwestward  in  spring  and  southeastward  in  autumn) ,  weak fish, 
croaker,  etc.,  exhibit  seasonal  catch  patterns,  i.e.,  largest  catches  offshore 
in  winter  and  nearshore  in  summer. 

In  describing  the  fisheries  of  the  study  Area,  the  significance  of  the 
sounds,  bays,  and  estuarine  regions  forming  its  shoreward  fringe  should  not 
be  overlooked.  Sane  of  the  major  ocean  species  spawn  in  these  shallower, 
less  saline  waters;  others  feed  there  extensively,  taking  advantage  of  the 
enhanced  productivity  created  by  nutrients  frcm  land  runoff.  Especially  vital 
to  the  life  cycles  of  many  of  the  ocean  species  is  the  value  of  the  fringing 
shore  waters  as  protected  nursery  grounds  where  their  young  can  feed  and 
grow,  free  frcm  oceanic  turbulence  (fig.  39).  Most  of  the  shellfish  resources 
also  depend  on  the  quieter,  more  productive  inshore  waters  for  their  well 
being.  Brief  reviews  of  the  conmercial,  industrial,  and  sports  fisheries  of 
the  Area  cure  given  below. 

b.  Conmercial  fisheries 

(1)  Offshore — The  waters  seaward  of  the  15-fathcm  curve  are 
exploited  in  this  fishery.  Heaviest  fishing  occurs  near  the  indentations  along 
the  100-fathan  curve  during  the  period  October  through  May.  Using  the  otter 
trawl,  U.S.  vessels  of  50  feet  or  more  in  length  catch  up  to  200,000  pounds  of 
fish  per  trip  of  2  to  6  days.  The  catch  is  mixed  in  this  botton  fishery; 
major  species  include  porgy,  fluke,  butterfish,  harvestfish,  and  sea  bass. 

Shellfish  taken  offshore  by  dredges  include  surf  clams  and  sea  scallops 
(fig.  40) .  An  offshore  lobster  population  is  also  currently  being  exploited 
by  U.S.  fishermen. 

Using  somewhat  modified  methods  such  as  midwater  trawls  and  high-opening 
otter  trawls,  foreign  fishermen  exploit  Continental  Shelf  waters  of  the 
study  Area,  seeking  mainly  herring  and  mackerel.  In  1971,  201  Soviet  and 
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28  ether  eastern  European  large  stem  and  side  trawlers  fished  in  the  Area 
mainly  during  the  period  January  through  April  (fig.  41) .  Other  species  such 
as  sea  robin,  hakes,  and  butterfish  are  sometimes  taken;  sane  of  these  my  be 
processed  for  industrial  use.  An  estimated  91.1  million  pounds  worth  $3.6 
million  were  taken  in  this  foreign  fishery  in  1971  (U.S.  Dept.  Ccnm.,  1972). 

The  Japanese  also  fish  in  the  deeper  waters  of  the  Area,  especially  in  autumn, 
for  tuna  and  swordfish.  Their  1971  catch  of  these  species,  obtained  by  11 
longline  vessels,  was  462,000  lb.,  worth  $143,000  (U.S.  Dept.  Carm. ,  1972). 

U.S.  longliners  are  also  beginning  to  exploit  offshore  tuna  concentrations,  and 
purse  seines  have  also  been  used  with  variable  results. 

(2)  Nearshore — Most  of  the  U.S.  fishing  vessels  fishing  in  the 
area  are  snail  or  medium-sized  craft.  They  make  daily  trips  during  their 
main  season  of  May  through  November,  staying  largely  within  the  15-fathan 
curve.  The  principal  gear  of  the  nearshore  bottom  fishery  is  the  otter 
trawl,  which  takes  fluke,  weakfish,  porgy  (scup) ,  croaker,  butterfish,  harvest- 
fish,  and  sea  bass.  Dot tan-dwel ling  shellfish  such  as  clams  and  scallops 
are  taken  in  nearshore  waters  by  a  variety  of  scraping  and  grabbing  gear 
(see  below) ,  which  also  frequently  take  finfish  species.  Other  gear  operated 
on  the  bottem  include  sea  bass  pots  and  the  shrimp  trawl  (modified  otter 
trawl  in  North  Carolina)  . 

The  purse  seine  is  the  principal  ufper  water  gear  in  nearshore  ccmnercial 
fishing  operations.  It  is  used  in  the  menhaden  fishery.  Sometimes  spotter 
airplanes  help  to  locate  the  fish.  Drift  gill  nets  catch  other  migrating 
fjelagic  fishes,  such  as  strifxxl  bass,  in  nearshore  waters. 

Chesapeake  Bay  catches  are  often  regarded  as  a  separate  component  in 
the  fisheries  of  this  Area.  Fishing  gear  used  in  the  bay  are  also  typical  of 
those  used  from  other  shorelines  along  the  Area;  these  miscellaneous  gear 
include  set  gill  and  pound  nets,  haul  seines,  fyke  or  hoop  nets,  snail  pots 
and  traps,  and  various  drag  and  grabbing  gear.  The  importance  of  bay  and 
estuarine  waters  in  the  life  cycles  of  irony  ocean  species  has  already  been 
mentioned.  The  value  of  the  bay  catch  far  exceeds  that  of  the  ocean  for 
Maryland  and  Virginia  (see  Tables  III  to  VI). 

c.  Industrial  fisheries — Between  40  and  50  percent  of  all  fishery 
products  landed  in  the  United  States  are  reduced  for  industrial  use.  Two 
major  industrial  fisheries  are  conducted  by  U.S.  fishermen  in  the  study  Area. 

The  menhaden  purse-seine  fishery  catches  enormous  numbers  of  this  schooling, 
pelagic,  migratory  fish  (see  Tables  III  to  VI).  Numerous  thread  herring  are 
also  taken  incidentally  with  menhaden  during  the  fall  fishery  off  North  Carolina. 
The  meal  made  from  menhaden  is  used  as  a  supplement  in  livestock  feeds, 
while  the  oil  serves  in  a  variety  of  ccrmercial  products.  The  menhaden 
resource  has  been  marked  by  large  fluctuations  in  abundance.  Figure  42  shews 
the  distribution  of  the  major  industrial  fish  species. 

The  trawl  fishery  incident  to  its  regular  operation  takes  a  wide  variety 
of  edible  and  nonedible  bottom  fishes,  most  of  which  (91  percent)  are  used  for 
meal  (poultry  feed).  The  1965  catch  in  Maryland  was  12.5  million  pounds, 
rrainly  from  surmer  trawling  on  inshore  Atlantic  grounds.  Two  million  pounds 
of  Virginia's  4.5-million-pound  catch  were  from  found  nets  in  lower  Chesapeake 
Bay.  Half  of  North  Carolina's  8-million-pound  industrial  trawl  catch  came 
from  Pamlico  Sound  and  coastal  waters.  Thirty-two  reduction  plants  operated 
in  the  Area  in  1969,  whose  products  had  a  value  of  $9,956,048  (U.S.  Dept. 

Conm.  ,  1972) . 
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TABLE  IV.  COMMERCIAL  FISHERIES  CATCH— CHESAPEAKE  BAY,  INCLUDING  TRIBUTARIES 
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TABLE  VI  COMMERCIAL  FISHERIES  CATCH  -  NORTH  CAROLINA  OCEAN  WATERS 
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Industr ial  trawl  catches  could  be  greatly  increased  by  shifting  the 
location  of  major  fishing  effort  to  offshore  grounds.  Around  the  100-fathan 
contour  alone  a  sunmer  bottcn  trawl  fishery  could  yield  about  150  million 
founds,  comprised  mainly  of  three  hake  species,  sea  robin,  and  four spot 
flounder  (ileald,  1970)  (fig.  43) .  Soviet-bloc  fishermen  are  beginning  to 
exploit  this  resource  and  already  have  done  so  heavily  to  the  north.  The 
Continental  Shelf  between  Delaware  Bay  and  Cape  Hat ter as  is  estimated  to  be 
cafuble  of  sustaining  a  total  annual  catch  of  800  million  pounds,  of  which 
half  would  be  spiny  dogfish  and  sharks  (Heald,  1970). 

Tlie  National  Murine  Fisheries  Service  does  not  publish  species  breakdowns 
of  industrial  fish  catches,  but  the  major  constituents  arc  believed  to  include, 
during  the  winter,  goosefish,  four  skate  species,  two  flounder  species,  the 
spiny  dogfish,  sea  robin,  and  hake  (especial  ly  red  hake)  sfx?cies  mentioned 
.ibove  and  in  figure  42.  Principal  sunnier  catclies  include  two  skate  species, 
i^x>tted  hake,  and  sea  robin.  The  results  of  a  study  conducted  on  Uk>  1964 
industrial  catch  by  the  North  Carolina  Division  of  Ccrmercial  and  Sport  Fisheries 
(Brown  and  McCoy,  1969)  is  shewn  in  Table  VII. 

d.  Marine  sport  fisheries — Mi r i no  spirt  fishing  is  a  large  and 
imfxartont  recreational  activity  in  the  Area.  An  estimated  1,250,000  people 
fxirticifiatc  in  the  SfX>rt  yearly  and  sjiend  in  excess  of  $183  million  p:r  year  for 
oijuifment ,  transportation,  and  fees  (Bureau  of  Spirt  Fisheries  and  Wildlife, 

1970) . 

Spirt  fishing  is  conducted  frmi  charter  -md  lieud  bouts  (27  percent  of 
catch)  ,  small  private  boats  (54  p>rcont)  ,  a)  lore  (14  percent),  and  piers 
(5  percent)  throughout  the  Area.  Currently  there  are  approximately  275 
charter  and  head  Ixvits  registered  in  Die  Area,  larger  sport  fishing  boats 
fish  offshore  mainly  for  billfish,  tuna,  strijxxl  bass,  and  blue fish  in  the 
northern  part,  and  king  mackerel ,  sj. vanish  mackerel,  and  blue  fish  in  tlie 
southern  [ a r t  of  the  Area.  Small  boats  troll  and  bottun-fish  for  a  wide 
variety  of  species.  Fishing  from  piers  .and  from  the  shore  is  principally  for 
channel  txuss,  st  ri|xxi  bass,  bluet  ish,  sea  trout,  flounder,  and  sen  mullet. 

In  1970,  the  estuarine  and  marine  sport  fishing  catch  was  prcxicriinantly 
composed  of  s[xjt,  puffers,  mackerel,  blucfish,  and  stripxl  Ixiss .  Tlie.sc  five 
species  made  up  65  percent  of  tlie  total  Middle  Atlantic:  spirt  fishing  catch  of 
110,600,000  fish. 

Although  sport  fishing  hikes  place  all  your ,  the'  most  active  period  for  most 
fishermen  is  from  May  through  October.  Off  North  Carolina  it  usually  runs  from 
April  through  November. 

Figures  44  to  49  (Alexandria  Drafting  Co.,  1972a,  b)  illustrate  tlie  sport 
fishing  grounds.  These  <  (rounds  are  usually  associated  with  shoaling  areas 
and  wrecks.  Appendix  D  provides  data  on  the  biology  and  fishery  of  the  major 
idiocies . 

4.  Inventory  and  possible  effects  of  contaminants 

a.  Introduction — It  is  difficult  to  predict  tlie  passible  harmful 
oonsexjuoncos  to  the  biota  from  tlx'  presence1  of  any  pol  hit  ants  singly  or  in 
eombinat ion.  The-  President’s  Council  on  KnvinumMit.il  Quality  recently 
concluded  that  too  little  is  known  of  the  biological  et  fects  of  toxic  sulxstances 
to  lx1  able  to  qualify  their  total  effect,  upon  any  single  sfxicios  (Cixincil  on 
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FIGURE  44  OFFSHORE  SPORT  FISHERIES 
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FIGURE  48  CURRITUCK  BEACH  LIGHT  TO  WIMBLE  SHOALS 
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Environmental  Quality,  1971).  This  is  especially  true  for  marine  species,  as 
most  past  research  has  concentrated  upon  terrestrial  and  freshwater  organisms. 

The  introduction  of  a  contaminant  into  the  ocean  may  effect  either  syner¬ 
gistic  or  antagonistic  relations.  Species'  tolerances  for  contaminants  and 
stresses  differ  and  may  vary  with  age,  sex,  and  health.  Eggs,  larvae,  and 
juveniles  of  aquatic  organisms  generally  are  more  susceptible  to  pollution 
than  the  adults.  Also,  the  different  life  stages  of  invertebrates  and 
vertebrates  occupy  different  locations  in  the  water  colunn  and  exhibit 
different  mobilities,  both  of  which  affect  their  possible  contact  with  a 
contaminant.  The  organisms  at  different  life  stages  also  require  different 
food  organisms.  Therefore,  their  survival  is  dependent  not  only  upon  their 
own  tolerance  during  developmental  stages,  but  also  upon  the  tolerance  of 
the  different  food  organisms  to  pollutants. 

b.  Oil — Ships  are  the  principal  source  of  oil  pollutants.  When 
tankers  discharge  oil  cargoes,  they  ballast  the  discharged  tanks  with  sea 
water.  Dry  cargo  and  passenger  ships  also  ballast  their  double-bottom  fuel 
tanks  with  seawater.  When  the  water  ballast  is  discharged  into  the  sea  it 
carries  with  it  part  of  the  oil  remaining  in  the  tanks.  The  amount  of  oil 
discharged  by  a  single  ship  is  generally  small  but  the  total  for  the  world 
naval  and  merchant  fleets  is  a  very  significant  quantity. 

Pollution  by  crude  (unrefined)  petroleum  is  enhanced  by  the  tendency  of 
such  oils  to  form  emulsions  with  salt  water.  These  emulsions  often  originate 
when  oil  in  its  natural  state  is  found  trapped  with  salt  water.  Seme  of  the 
oil  and  water  form  an  emulsion  as  a  result  of  turbulence  from  pumping  operations 
and  are  loaded  aboard  tankers.  A  part  of  the  emulsion,  along  with  oil  sludge, 
settles  to  the  bottom  of  the  cargo  tanks.  Seme  of  the  sludge  and  omulsion 
remains  after  the  cargo  has  been  discharged  and  mixes  with  seawater  ballast 
when  hot  seawater  is  used  to  wash  tr.e  empty  tanks.  This  procedure  produces 
more  water-oil  emulsion  which  is  discharged  into  the  sea. 

The  oil-water  residue  in  a  tanker  after  its  cargo  has  been  discharged 
contains  recoverable  oil  equal  to  about  0.3  percent  of  the  cargo.  About  one- 
third  of  the  cargo  capacity  is  filled  with  seawater  ballast  after  discharge  of 
cargo.  Cleaning  the  ballast  tanks  before  ballasting  weald  recover  about  one- 
third  of  the  oil  recoverable  by  cleaning  all  the  tanks,  or  0.1  percent  of  the 
cargo,  However,  discharging  ballast  frem  uncleaned  tanks  would  put  about 
half  of  the  oil  in  the  ballast  tanks  into  the  sea  (about  0.05  percent  of  the 
cargo) .  The  pollution  potential  of  vessels  in  the  crude  oil  trade  is  more 
than  three  times  that  of  vessels  which  carry  clean  (refined)  petroleum.  The 
estimated  worldwide  losses  from  tank  cleaning  and  deballasting  of  tankers  in 
1963  were  2.5  million  barrels  of  crude  oil  and  0.8  million  barrels  of  refined 
products.  From  these  values  should  be  subtracted  an  amount  for  oils  recovered 
aboard  and  discharged  ashore. 

Most  petroleum  products  transported  via  tanker  through  this  Area  in  1970 
originated  in  Gulf  Coast  ports  and  were  northbound  to  the  Port  of  Nw  York 
(640  million  barrels) ,  Delaware  Bay  (440  million  barrels) ,  and  Chesapeake  Bay 
(190  million  barrels).  The  tankers  follcwed  the  100-fathcm  contour  south  of 
37°30'N.  Oil  from  Caribbean  ports  comprises  about  20  percent  of  the  total, 
and  the  tankers  usually  enter  the  Area  oast  of  73°30'W  and  north  of  36°N  when 
bound  for  refineries  north  of  38°N. 

Maximum  channel  depths  of  46  feet  limit  transiting  tanker  size  to  about 
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60,000  deadweight  tons  (DWT).  Less  than  40  percent  of  the  transiting  vessels 
had  drafts  that  exceeded  loaded  World  War  II  vintage  T-2  tankers  (30- foot  draft, 
16,765  DWT).  More  than  45  percent  of  the  tankers  were  relatively  snail,  with 
drafts  of  18  feet  or  less. 

Although  the  bulk  of  the  tanker  traffic  follows  the  routes  shown  in  figure 
50,  the  vessels  are  not  limited  to  these  lanes  and  tankers  are  often  found 
outside  them.  The  coastal  shipping  combined  with  the  traffic  entering  and 
leaving  lower  Chesapeake  Bay  make  the  Area  one  of  the  most  heavily  traveled 
sealanes  in  the  world  with  a  high  potential  for  oil  pollution  by  deballasting, 
tank  cleaning,  or  catastrophic  accident  (U.S.  Coast  Guard  reported  one  20,000- 
gallon  spill  caused  by  ship  collision  during  the  1970-71  period) . 

Many  ccmnercially  important  fish  species  have  planktonic  eggs  and  larvae 
in  the  surface  layers  of  the  ocean  where  they  my  be  exposed  to  oil.  Crude  oil 
kills  ood  eggs  and  causes  fish  eggs  to  hatch  pronaturely .  It  affects  nutrition 
in  fish  by  blocking  the  taste  receptors  or  by  mimicking  chemical  messengers 
that  predators  use  to  locate  their  prey.  Respiration  in  fish  is  affected  by 
physical  clogging  of  the  gills,  precipitation  of  certain  metals  on  branchial 
epithelium,  and  action  of  certain  hydrocarbons  on  the  branchial  cells,  all  of 
which  my  lead  to  lethargy  and  possible  death  (Hufford,  1971)  . 

The  mjority  of  shallcw-shelf ,  bottom  invertebrates  at  practically  all 
latitudes  have  pelagic  larvae  that  form  an  important  component  of  the  neritic 
plankton  (Mileikousky,  1970).  Brief  exposures  of  zooplankton  and  planktonic 
stages  of  benthic  organisms  to  diesel  oil  in  concentrations  of  about  1.0  ml/1 
resulted  in  accelerated  mortality  rates  (Hufford,  1971).  Oil  also  taints  the 
flesh  of  fish  and  molluscs  and  my  make  than  unmarketable.  Studies  have  shown 
that  hydrocarbons  assimilated  by  a  marine  organism  are  stored  in  its  lipid  pool 
and  my  become  a  part  of  the  entire  food  chain.  Seme  crude  oil  fractions  are 
suspected  carcinogens;  also,  the  nonhydrocarbon  fraction  contains  heavy  metals 
(see  Section  F4(h))  which  my  be  a  hazard  to  man  as  well  as  the  mrine  biota. 

Surface  oil  slicks  have  been  found  to  be  effective  concentrations  of 
dissolved  organics  and  inorganics.  Oil  slicks  have  indicated  the  presence 
of  pesticides,  which  were  undetectable  in  the  surrounding  water,  and  they 
even  be  agents  of  pesticide  transport.  Biological  activity  also  is  very'  intense 
in  the  water  immediately  under  slicks.  These  findings  indicate  that  oil  spills 
my  have  mjor  deleterious  consequences  on  tire  mrine  environment  beyond  tlroir 
intrinsic  pollutant  effects. 

c.  Industrial  wastes — This  is  a  very  general  term  applied  to  a  wide 
range  of  chorucal  materials  that  provide  an  excellent  opportunity  for  synergistic 
and  antagonistic  interactions  that  affect  the  overall  toxicity  of  the  effluent 
(Wilber,  1969).  Of  all  categories  of  wastes  disposed  of  at  sea,  industrial 
wastes  rank  second  behind  dredge  stjoi 1  in  terms  of  tonnage  and  costs  (Smith 
and  Brown,  1971) . 

The  only  sea  disposal  of  industrial  wastes  in  this  Area  has  been  the 

operations  at  E.  I.  DuPont  de  Nanours  and  Canpany  of  Wilmington,  Delaware.  They 

were  authorized  in  September  1966  by  the  U.S.  Army  Corps  of  Engineers,  District 
#5,  to  transport  waste  fran  their  Seafort,  Delaware  plant  to  a  general  area 
defined  as  50  nm  east  of  Cape  Henry  for  ocean  disposal  (fig.  51) .  To  date,  they 

have  disposed  of  more  than  13  million  gallons  of  liquid  wastes  (see  table  in  ficnire 

51)  described  as  calcium  sulfate  diluted  with  an  organic  solution.  The 
dumping  locations  utilized  so  far  coincide  with  known  commercial  shell, 
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demersal,  and  pelagic  fisheries.  Toxicity  studies  for  this  particular  waste 
were  perforated  by  the  DuPont  Company  to  establish  the  24-  and  48-hour  HmS* 
for  bluegill  sunfish,  a  fresh-water  species,  in  a  fraction  of  the  mixture 
of  wastes  (correspondence  by  Falk,  1967) .  Further  studies  and  toxicity 
tests  involving  marine  organisms  are  needed  to  help  assess  the  environmental 
irrpact  of  these  dumping  operations. 

d.  Dredge  spoil — Dredge  spoil  consists  of  sediments  (alluvial  sand, 
silt,  and  clay)  and  municipal  or  industrial  waste  sludges  dredged  to  inprcr/e 
and  maintain  navigation  channels.  The  Army  Corps  of  Engineers  does  most  of 
its  dredging  with  seagoing  hopper  dredges  and  dumps  the  spoil  in  open  coastal 
waters,  generally  not  more  than  3  to  4  miles  fron  the  dredging  site  (Smith  and 
Brown,  1971) .  Figure  51  identifies  the  two  dredge  spoil  disposal  sites  located 
in  this  Area,  one  of  which  is  currently  being  utilized.  Their  histories  are 
summarized  in  Table  VIII. 


TABLE  Vt||  DREDGE  SPOIL  DISPOSAL 


3?“00'N,  75“60’U 

DATE 

— 

CUBIC  YARDAGE 

1  January  to  27  August  1966 

6,416,512 

27  November  1966  to  1  March  1967; 

7  March  to  28  March  1967 

566,266 

21  June  to  10  December  1967 

6,173,016 

TOTAL  9,135,792 

36,,68'N,  7  5°  56  *W 

10  December  1967  to  25  February  1968 

1  ,062,000 

3  March  to  16  May  1968 

1  ,977,161 

30  July  to  17  December  1968 

2,635,966 

3  May  to  1  July  1969 

587,750 

l  October  1969  to  5  Mav  1970 

6,768,71  3 

30  June  to  31  July  1970 

316,710 

27  November  1970  to  6  January  1971 

667,728 

30  June  to  5  September  1972 

1 ,1 16,611 

TOTAL  12,708,637 

NOTE:  All  spoils,  composed  of  sand,  silt, 

dredged  from  Thimble  Shoal  Channel. 

clay,  and  shell,  were 

<U  S  ARMY  CORPS  Of  ENGINEERS  NOREOIK  DISTRICT) 


*  median  tolerance  limit 
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Biota  in  the  environs  of  a  dredge  spoil  disposal  site  nay  be  harmed  by 
the  rapid  sediment  build  up  and  turbidity  associated  with  these  operations 
(Smith  and  Brown,  1971).  Both  disposal  sites  are  in  oarmercial  fishing  areas. 
The  fisheries  include  fluke,  window  pane  flounder,  porgy ,  herring,  nackerel, 
spotted  hake,  northern  sea  robin,  and  spiny  dogfish.  See  "Fisheries"  section 
for  additional  data  on  fisheries  in  the  region  of  disposal  sites. 

e.  Munitions  dumping — From  1952  to  1964  the  Navy  routinely  dumped 
small  volumes  of  unserviceable,  obsolete,  and  overage  munitions  products  in 
several  disposal  areas,  two  of  which  are  located  in  this  Area  (fig.  51) .  From 
1964  to  1970  the  Navy  disposed  of  munitions  on  a  much  larger  scale  by  sinking 

19  stripped-dcwn  surplus  World  War  II  cargo  ships,  loaded  with  up  to  10,000  tons 
each  of  unwanted  cargo,  in  ocean  sites  off  the  east  and  west  coasts  of  the 
U.S.  This  latter  disposal  program  at  first  was  referred  to  as  Operation  CHASE 
("Cut  Holes  And  Sink  'Bn")  (U.S.  Navy  report,  1972)  and  later  was  changed  to 
the  Deep  Water  Dump  Program  (DWD)  . 

There  are  several  small  disposal  areas  and  three  CHASE  disposal  sites 
located  in  the  Area  (fig.  51) .  All  three  of  the  CHASE  vessels  sunk  in  the 
study  Area  detonated  during  sinking  (Table  IX) .  The  previously  cited  report 
by  the  U.S.  Navy  (1972)  concludes  that: 

^Explosive  munitions  dumped  in  the  deep  ocean  will  affect  the 
environment  to  sane  degree.  The  specific  effects  are  in  part 
related  to  the  kinds  and  quantity  of  ordnance,  and  more  irrportantly 
to  whether  or  not  detonation  occurs  during  the  scuttling  process. 

A  EWD  operation  in  which  detonation  of  the  cargo  occurs  will  result 
in  three  separate  environmental  influences:  1)  a  detonation 
generated  shock  wave,  2)  detonation  of  gaseous  and  particulate  products, 
and  3)  a  residue  of  scattered  debris  on  the  seafloor.  The  two  former 
environmental  influences  are  relatively  short  term  and  transient, 
whereas  the  latter  influence  is  of  long  duration.  If  detonation  of 
the  cargo  does  not  take  place,  the  presence  of  the  hulk  and  cargo 
on  the  seafloor  is  the  only  environmental  influence.  " 

Consequently,  a  moratorium  has  been  placed  upon  the  disposal  of  munitions  at 
sea,  and  other  means  of  disposal  are  being  thoroughly  investigated. 

f.  Sewage,  refuse,  and  garbage — At-sea  disposed  of  sewage  sludge 
and  refuse  is  a  practice  of  many  municipalities  and  naval  facilities  in  the 
United  States  (Smith  and  Brcwn,  1971). 


TABLE  IX  CHASE  DISPOSAL  OPERATIONS 


DATE 

TOTAL  CARGO  * 

NET  EXPLOSIVES  ** 
(SHORT  TONS) 

LATITUDE 

LONGITUDE 

15  July  1965 

4040  * 

512.19  ** 

37  °  1 1 . 8  '  N 

7  4°  21 . 1  'W 

16  Sept  1965 

8715 

408.2 

3  7  °  1 1  ’  N 

74  °  26 ' W 

29  July  1966 

6033 

442 

36  °  3 4  .  3  ’  N 

74  0 16 . 9  'W 

Dcres tic  sewage  is  a  complex  liquid  waste  that  may  receive  varying  degrees 
of  treatment  before  discharge  and  has  already  created  public  health  hazards  in 
the  Chesapeake  Bay  area  (Wilbur,  1969).  Although  sewage  outfalls  are  not 
documented  for  this  Area,  the  bay  would  be  the  major  receiving  basin  for 
nunicipal  wastes.  These  materials  eventually  flush  from  the  bay  into  the 
nearshore  waters,  where  their  ultimate  fate  is  uncertain.  Overboard  discharge 
of  biodegradable  wastes  is  the  only  disposal  method  used  by  most  naval 
and  ccrmercial  vessels  in  transit,  and  is  prohibited  within  12  miles  of  shore. 

A  Navy  evaluation  of  the  probable  environmental  impact  of  dunping  untreated 
sanitary  sewage  and  wet  garbage  into  the  open  ocean  tentatively  concluded  that 
proper  disposal  practices  should  render  the  effluent  environmentally  compatible 
(Oceanographer  of  the  Navy,  1971) .  However,  the  viability  and  virulence  of  human 
pathogens  in  the  effluent  is  unknown  and  alternate  methods  of  paper  waste 
disposal,  especially  of  dunnage  and  publication  wastes,  require  investigation. 

The  investigators  disapproved  of  discharge  of  wastes  in  estuarine  and  nearshore 
waters  where  biodegradation  mechanisms  may  already  be  overtaxed. 

g.  Radioactive  wastes — Artifical  radioactive  materials  have  entered 
the  marine  environment  through  atmospheric  tests  of  nuclear  weapons,  ocean 
disposal  of  low-level  radiation  packaged  solid  wastes,  and  discharges  from 
nuclear  power  plants  and  vessels.  Marine  organisms  may  selectively  assimilate 
and  retain  these  waste  materials,  often  concentrating  than  to  many  times  their 
ambient  level  in  the  process  (National  Academy  of  Sciences/National  Research 
Council,  1971) ,  and  affect  their  dispersal  through  biological  transport.  These 
interactions  should  be  of  paramount  concern,  for  many  marine  organisms  are 
current  or  potential  food  organisms  for  man  and  provide  a  return  path  for  these 
unwanted  materials. 

A  radioactive  waste  disposal  site  located  within  this  area  at  36°56'N, 

74°23'W  (fig.  51)  received  84,423  millicuries  of  radioactive  wastes  contained 
in  concrete  encased  steel  drums,  frcm  1949  to  1967  (Table  X).  A  1962  National 
Academy  of  Sciences/National  Research  Council  report  discusses  the  probabilities 
of  container  breachment  through  collision  between  drums  at  repeatedly  used 
dump  sites,  and  depth  criteria  for  their  safe  disposal.  Smith  and  Brown  (1971) 
indicate  the  extent  and  seme  results  of  resurvey  operations  at  radioactive 
ocean  disposal  sites.  These  studies,  together  with  a  1972  National  Academy 
of  Sciences  review  of  radiation  standards,  indicate  that  a  serious  reconsideration 
of  ocean  disposal  for  these  wastes  is  in  order. 

h.  Heavy  metals — Metals  enter  the  marine  ecosystem  frcm  many  sources. 
They  occur  as  salts  in  effluents  frcm  mines,  metal- processing  factories,  chemical 
industries,  oil  wells,  dredge  spoils,  etc.  (Wilbur,  1969).  They  also  are 

used  in  marine  fouling  paints  as  fouling  inhibitors.  The  highly  toxic  heavy 
metals  are  generally  insoluble,  reaching  saturation  at  about  10  ppm,  and 
are  believed  to  act  largely  on  the  gill  surfaces  of  marine  animals.  Portmann 
(1970)  determined  the  48-hour  L/C 50*  of  six  heavy  metals  for  four  marine  organisms. 

Recent  experiments  by  Connor,  Wilson,  and  Portmann  emphasize  the  danger 
of  continued  addition  of  heavy  metals  to  restricted  waters.  Connor  (1972)  and 
Portmann  (1968)  pointed  up  the  greater  relative  toxicity  of  mercury,  copper, 
and  zinc  to  the  larvae  of  one  species  each  of  oyster,  shrirrp,  crab,  and  lobster 
than  to  their  adult  stages.  Connor  determined  that  the  48-hour  LC50  of 

^Concentration  lethal  to  50%  of  population  within  48-hour  period. 


metals  to  the  most  sensitive  of  these  larvae  is  approximately  100  times  their 
accepted  representative  values  in  seawater.  Wilson  and  Ccnnor  (1971)  also 
shewed  that  the  LC50  of  mercury  for  adult  Crangon  crangon  (a  test  species  of 
shrimp  used  both  by  Connor  and  Portmann)  exposed  for  1,000  hours  was  less 
than  1/100  of  that  determined  for  48  hours.  This  1, 000-hour  IC5Q  of  mercury 
approaches  the  mercury  concentration  found  in  the  sea.  If  these  lethal  con¬ 
centrations  hold  for  larvae  of  Crangon  and  other  species  the  threat  to  these 
species  is  ail  ready  serious. 
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The  normal  representative  value  for  the  concentration  f  mercury  in  sea 
water  is  0.03  ppb,  with  a  probable  residence  time  of  42,000  years.  Approximately 
10,000  tans  of  mercury  are  put  into  the  oceans  annually;  half  from  normal 
vea  the  ring  of  rocks,  and  half  frem  industrial  and  agricultural  use  of  mercury 
compounds  (Keckes  and  Miettinen,  1970).  However,  this  metallic  or  inorganic 
form  of  mercury  is  not  concentrated  biologically.  Organic  methyl  mercury' 
is  the  form  most  absorbable,  retainable,  and  toxic  to  living  organisms 
(Miettinen,  et  al. ,  1970).  Bacteria  and  viruses  are  the  fixing  mechanisms  for 
this  form  of  mercury. 


Experiments  bo  determine  heavy  metal  toxicity  on  errforyos  of  the  hard 
shell  clam,  meroenaria,  a  fishery  resource  in  this  Area,  found  mercury  and 
silver  to  be  the  most  toxic  of  five  metals  tested  (National  Marine  Fisheries 
Service,  1972) .  Other  studies  shew  that  vertebrates  as  well  as  invertebrates 
are  sensitive  to  mercury  canpounds,  and  that  mercury  ions  primarily  affect  the 
epithelium  of  the  skin  and  gills  in  fish.  Keckes  aid  Miettinen  (1970)  describe 
the  biological  effects  of  mercury  in  the  marine  environment  and  the  symptoms 
of  acute  mercury  poisoning  in  fish.  There  is  growing  evidence  of  genetic 
and  developmental  effects  frem  mercury  canpounds.  In  the  United  States  and 
Canada  ocmnercial  fish  with  a  mercury  content  of  0.5  ppm  wet  weight  would  be 
labeled  contaminated  (Food  and  Agricultural  Organization  of  the  United 
Nations,  1971). 
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Lead  is  a  trace  element  used  so  extensively  by  our  society  that  the 
amount  entering  the  oceans  annually  frcm  the  atmosphere  through  washout  of 
aerosols  originating  from  leaded  automobiles  fuels  is  similar  to  the  amount 
introduced  from  rivers.  The  use  of  so  much  lead  has  raised  the  average 
lead  concentrations  of  the  mixed  layer  of  the  Northern  Hemisphere  oceans  by 
a  factor  of  about  five.  Lead  concentration  profiles  in  the  oceans  are 
highly  variable  (0.07  to  0.4  g  Pb/1)  in  young  surface  waters,  increase  with 
proximity  to  industrialized  coasts,  and  remain  uniformly  low  in  ancient  deep 
water  (0.02  g  Pb/1)  (Pood  and  Agricultural  Organization  of  the  United 
Nations,  1971).  Lead  in  surface  waters  taken  up  by  organisms  passes  up  the 
food  chain.  The  effects  of  high  lead  levels  upon  marine  organisms  are  unkncwn, 
but  lead  is  known  to  inhibit  enzymes,  impoir  cell  metabolism,  and  damage  the 
central  nervous  system. 

Cadmium  also  lias  various  deleterious  effects  upon  aquatic  organisms. 

Cadmium  salts  are  found  in  effluents  from  electroplating  plants,  pigment 
works,  lead  mines,  and  other  sources  tint  tray  discharge  into  Area  estuarine 
waters.  Its  average  concentration  in  offshore  marine  waters  is  0.02  to  0.17  ppm. 

i.  Halogenated  hydrocarbons — The  halogen bated  hyclrocarbons  are 
synthetic  chemicals  used  extensively  in  industry  and  agriculture.  Their 
chemical  stability  and  nobility’  have  caused  a  significant  fraction  of  the 
total  production  to  enter  the  marine  environment  via  storm  or  sewage  outfalls 
and  dumping.  Very  few  analyses  of  seawater  for  these  compounds  have  been 
nvide, and  there  are  no  accepted  representative  values  for  their  concentration. 

The  organo-chlorine  pesticides,  such  .is  DOT  and  its  metabolites,  and  the 
polychlorinated  biphenyls  (PCB's)  have  received  the  most  attention.  PCB's  are 
very  similar  in  chemical  structure  to  DOT  and  standard  analytical  methods  do 
not  easily  differentiate  between  them.  PCB's  are  generally  more  persistent 
and  less  toxic  than  the  organo-chlorine  pesticides,  but  have  similar  effects  on 
the  biota  and  share  their  ability  to  concentrate  in  the  tissues  of  same  marine 
organisms . 

Although  there  is  a  definite  relationship  between  the  levels  of  organo- 
chlorine  pollutants  in  water  and  in  marine  animals,  these  substances  do  not 
always  concentrate  through  the  food  chain  in  the  usual  manner .  While  mir ine 
mumuls  and  sea  birds  concentrate  these  substances  through  the  food  chain, 
marine  fishes  do  not  exhibit  higher  organo-chlorine  pesticide  concentrations 
at  higher  trophic  levels  as  a  direct  result  of  their  predatory  role.  In 
addition,  no  relationship)  has  been  found  between  fish  size  and  level  of  organo- 
chlorine  pesticide  concentration.  In  fact,  pesticide  levels  in  fish  increase 
with  size  only  as  fat  content  increases.  Seme  fish  species  in  the  area,  e.g. 
the  menhaden,  have  high  fat  content  (Food  and  Agricultural  Organization  of  the 
United  Nations,  1971). 

The  possible  biological  effects  of  these  materials  upon  marine  organisms 
include  inhibition  of  the  productivity  of  phytoplankton  populations,  death  or 
immobilization  of  crustaceans,  fishes,  and  molluscs,  death  of  eggs  and  larvae 
of  bivalve  molluscs;  deleterious  changes  in  tissue  ccmposition  of  molluscs  and 
teleosts;  disruption  of  tlie  schooling  and  feeding  behavior  of  boney  fishes; 
and  interference  with  ovary  development.  It  lias  been  suggested  that  marine 
species,  unlike  seme  fresh-water  and  terrestrial  group's  which  may  acquire 
resistance  to  pesticides,  may  be  sensitized  during  exposure  to  sub lethal 
pesticide  concentration  (Eisler,  1969) . 
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F.  Marine  Ecosystan  Components  and  Processes 

According  to  Odum  (1970)  "the  marine  ecosystem  consists  of  any  unit  including 
all  of  the  organisms  (i.e.,  the  community)  in  a  given  area  interacting  with  the 
physical  environment,  so  that  a  flow  of  energy'  leads  to  a  clearly  defined  trophic 
structure,  biotic  diversity,  and  material  cycles  (i.e.,  exchange  of  materials 
between  living  and  non-living  parts)  within  the  system."  A  discussion  of  the 
effects  of  pollution  and  other  stresses  upon  the  ecosystem  or  parts  of  the 
ecosystan  must  include  all  the  known  biotic  and  abiotic  components  and 
processes  involved.  The  following  discusses  the  components  of  the  marine 
food  webs  with  sane  specific  exanples  from  the  Hampton  Roads/Nor  folk. 

Operating  Area,  the  presence  of  abiotic  processes  and  pollution  stresses,  and 
the  possible  results  of  these  processes  and  stresses  in  changing  productivity, 
community  diversity,  ecosystan  stability’,  and  evolutionary'  adaptability’. 

1.  Ecological  components  and  food  web  dynamics 

Sane  of  the  components  and  processes  of  the  marine  ecosystan  are 
shown  in  figure  52. 

a.  Inorganic  nutrients — Many  inorganic  elements  and  amipounds  are 
essential  for  growth  of  plants  and  phytoplankton  and,  therefore,  necessary 
to  the  marine  ecosystem.  Phosphorus  and  nitrogen  are  the  most  important 
nutrients.  Other  constituents  such  as  silica,  copper,  manganese,  and  iron 
are  less  important  or  are  required  by  fewer  organisms. 

Phosphorus,  mostly  in  the  form  of  phosphates  (PO4)  ,  varies  in  concentration 
according  to  season ,  geographic  location,  and  depth.  In  inshore  waters,  where 
mixing  and  regeneration  of  nutrients  take  place  to  seme  extent  year  round, 
phosphate  distribution  is  relatively  uniform  throughout  the  water  column. 

In  the  mouth  of  Chesapeake  Bay,  phosphate  content  ranges  between  0.10  to 
0.40  g-atcm/liter  year  round  at  all  depths.  Along  the  coastlines  the 
concentration  is  0.08  to  0.30  g-atcm/1  at  the  surface  and  increases  steadily 
toward  0.50  to  0.65  g-atcm/1  at  the  bottom  In  waters  over  the  Continental 
Shelf  the  concentration  is  0.01  to  0.39  g-atcm/1  at  the  surface,  increases 
to  a  maximum  of  1.66  g-atcms/1  at  380  meters,  then  decreases  slightly  toward 
the  bottom  wherever  the  depth  of  the  water  exceeds  380  meters.  cX'er  the 
continental  slope  the  concentration  is  0.06  to  0.32  g-atcm/1  at  the  surface, 
increases  to  a  maximum  of  1.83  g-atcms/1  at  400  meters,  then  decreases  to 
0.61  to  1.34  g-atcms/1  at  the  bottom. 

Nitrogen,  mostly  in  the  form  of  nitrates  (NO^) ,  and  silicates  (S1O3)  are 
utilized  by  autotrophs  in  the  Area,  but  fewer  data  are  available  on  abundance 
and  distribution  of  these  oanjxxinds .  Throughout  the  Area,  nitrate  content 
ranges  between  0.1  and  1.3  g-atcm/1  at  the  surface,  increases  to  a  maximum  of 
20  to  35  g-atcms/1  at  depths  of  200  to  450  meters,  then  decreases  slightly 
toward  the  bottom.  Silicate  content  varies  between  1.0  and  14.0  g-atcms/1  at 
the  surface,  increases  to  a  maximum  of  5  to  27  g-atcms/1  at  200  to  450  meters, 
then  decreases  slightly  with  increasing  depth  below  450  motors. 

Inorganic  nutrients  are  generated  locally  by  bacterial  dixxmjxjsition  of 
dead  plants  and  animals .  The  Gulf  Stream  and  the  southern  extension  of  fix' 
Labrador  Current  transport  nutrients  to  oceanic  and  neritic  waters  from  the 
south  and  north,  respectively . 
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FIGURE  52  FOOD  WEB  AND  ENERGY  FLOW  SUMMATION  AND  ORGANIC  EXCHANGE  BETWEEN  MAJOR  DEPTH  ZONES  (( 


Several  patterns  in  the  distribution  of  phosphate,  nitrate,  and  silicate 
concentrations  are  evident  in  the  Area-  At  any  location  in  the  Area,  the 
absolute  noximum  values  occur  at  midwater  depths  (200  to  450  meters)  and  tend 
to  increase  with  increasing  distance  offshore  because  of  the  greater  amount 
of  deep  water  available  for  regeneration.  In  the  shallow  areas  off  the  mouth 
of  Chesapeake  Bay  and  along  the  coast  nutrient  distribution  is  relatively 
homogeneous.  Lowest  levels  of  PO4,  NO3,  and  SiC>3  occur  during  the  spring  and 
autumn  months,  probably  as  a  result  of  phytoplankton  blooms. 

There  are  no  data  on  the  specific  nutrient  values  which  limit 
photosynthesis  and  reproduction  among  phytoplankton  species  in  the  Area. 
However,  available  nutrient  data  indicate  that  during  the  spring  months 
nutrient  availability  may  be  low  enough  to  limit  primary  production  in  the  Area 
Experimental  data  show  that  nitrogen  and  phosphorus  may  be  depleted  by  spring 
phytoplankton  blocms  to  an  extent  that  they  critically  limit  algal  growth 
(Yentsch,  1963;  Ryther  and  Dunstan,  1971;  Comer  and  Davies,  1971)  .  Scarcity 
of  other  elements  such  as  iron  and  manganese,  may  also  limit  open  ocean 
populations  (Yentsch,  1963).  Thus,  in  spring  and  fall  additions  of  nutrients 
to  surface  waters,  either  by  mixing  with  nutrient  rich  deep  water  or  by 
artificial  (human)  means,  can  increase  primary  productivity  if  other  essential 
factors,  such  as  sunlight,  are  available. 

b.  Organic  compounds — Particulate  and  dissolved  organic  matter  are 
produced  and  consumed  or  absorbed  by  the  plants  and  animals  of  the  marine 
ecosystem.  Particulate  matter  includes  plants  (phytoplankton  and  detached 
vegetation) ,  zooplankton,  bacteria,  and  detritus  (Fox,  1957) .  In  deep  water 
it  occurs  in  relatively  uniform  amounts  throughout  the  oceans,  but  its 
concentration  in  the  euphotic  zone  varies  greatly  according  to  local  rates  of 
primary  production  (Menzel  and  Ryther,  1970;  Finenko  and  Zaika,  1970) .  The 
small  amount  of  particulate  matter  that  reaches  deep  sediments  is  used  by 
benthic  animals,  and  the  benthic  bianass  generally  varies  directly  with 
euphotic  production  (Riley,  1972) . 

Over  the  continental  slope  north  of  Cape  Hatteras  suspended  matter  is 
corrmon  throughout  the  water  column.  Flocculent  material  is  carman  at  the 
surface,  but  the  highest  concentrations  of  total  suspended  matter  have  been 
observed  at  depths  of  277  to  614  meters  and  near  the  bottom  (707  meters) , 
varying  directly  with  plankton  and  nekton  concentrations  (Milliman,  et  al.,  196 

Over  the  continental  slope  slightly  south  of  Cape  Hatteras  maximal 
particulate  carbon  occurs  at  4  meters  (887 /xg  Carbon/1)  and  decreases  to  a 
minimum  of  107 /xg  C/1  at  500  meters.  Just  east  of  the  Gulf  Stream  on  the 
extreme  western  edge  of  the  Sargasso  Sea  [articulate  carbon  is  lewer:  243 ft 
g  C/1  at  6  meters  decreasing  to  a  minimum  of  39  ft g  C/1  at  500  meters 
(Hcbbie,  et  al.,  1972).  In  the  Sargasso  Sea  total  particulate  carbon,  living 
or  dead,  is  10  to  140 /xg  C/1  at  the  surface  decreasing  to  a  constant  18/xg  C/1 
below  900  meters  (Riley,  1972).  T'he  inactive  [art  of  [articulate  organic 
natter  comprises  about  50  percent  ot  the  total  cjuantity  in  the  euphotic  zone 
(Finenko  and  Zaika,  1970) . 

Particulate  carbon  is  transt mrtfxi  to  the  Area  .is  well  as  produced  in  situ. 
Large  quantities  of  turtle  grass  (Thallasiu  testudinata)  transported  northward 
by  the  Gulf  Stream  from  the  Car ibl*«an/Florida  area  sink  to  grout  depths  on  the’ 
continental  slope  and  continental  rise  off  the  Cnrolinus.  The  largest 
concentrations  of  turtle  grass  (up  to  1  blade/6.35  m  )  occur  in  Novcmiier.  Tart 
(grass  deposited  in  these  amounts  may  constitute  an  important  source  of  organic 


enrichment  in  the  deep  sea  (Menzies  and  Rowe,  1969;  Menzies ,  et  al.,  1967). 

Sargassum  natans ,  a  pelagic  offshore  plant,  sinks  in  large  quantities  and  adds 
organic  carbon  to  the  ocean  bottom,  both  as  detrital  plant  rraterial  and  through 
its  associated  fauna  of  bryozoans.  Ophiuroids  have  been  observed  ingesting 
this  plant  material  (Schoener  and  Rowe,  1970).  Large  amounts  of  living  and 
detrital  suspended  particles  (seston),  which  include  considerable  percentages 
of  combustible  organic  matter,  are  transported  seaward  from  Chesapeake  Bay 
and  deposited  in  deep  water  (Schubel  and  Biggs,  1969) ,  mostly  on  the  continental 
slope. 

Dissolved  organic  compounds  originating  from  excretion  or  extracellular 
loss  by  phytoplankton,  excretion  by  aniimls,  bacterial  decomposition,  and 
transported  humic  substances  (gelbstoff)  contribute  a  smaller  amount  to  the 
total  organic  content  of  sea  water.  High  levels  of  dissolved  organics  may 
accumulate  at  or  near  the  surface  but  small  amounts  occur  at  depth  (Munzel  and 
Ryther,  1970) .  Humic  matter  formed  by  terrestrial  plants  and  littoral  algae  is  an 
important  source  of  organic  material  in  seawater  and  marine  sediments  (Sieburth  and 
Jensen,  1968,  1969;  Sieburth,  1969;  Nissenbaum  and  Kaplan,  1972;  Riley,  1972) . 

Marine  humic  acids  also  are  formed  in  neritic  waters  from  degradation  products 
of  plankton  (Nissenbaum  and  Kaplan,  1972) .  Dissolved  organic  substances  may  be 
more  important  than  phytoplankton  in  the  nutrition  of  small  filter- feeding 
organisms  (Sieburth  and  Jensen,  1969) . 

A  cloudy  mass  of  suspended  matter  (nepheloid  layer)  observed  near  the  bottom 
on  the  continental  slope  and  rise  may  be  an  important  source  of  sedimentation 
and  organic  enrichment  of  deep  sediments  (Ewing  and  Thorndike,  1965) . 

c.  Autotrophs — The  autotrophs,  or  primary  producers,  include  the 
phytoplankton  and  attached  plants  (mostly  algae)  and  are  of  upmost  importance 
in  the  ecosystem  because  they  represent  the  first  link  in  the  primary  food 
chain  between  inorganic  and  organic  substances  (fig.  52) .  All  other  marine 
organisms  depend  directly  or  indirectly  upon  this  primary  production.  The 
autotrophs  generally  occur  in  the  lighted  (euphotic)  zone  of  the  sea,  where 
they  produce  carbohydrates,  proteins,  and  lipids  via  photosynthesis. 

Primary  production  rates  for  attached  algae  in  the  Area  are  not  available. 

In  view  of  the  relatively  restricted  distribution  of  attached  algae  (see 
"Benthos"  section)  and  small  amount  of  coast  favorable  to  the  attachment  of 
algae,  tire  percent  total  carbon  fixed  by'  them  is  probably  small  and  signi f icant 
only  in  the  shallowest  inshore  waters.  In  tire  salt  marshes ,  however,  cord 
grass  (Spartina  altemif lora)  is  a  major  source  of  both  food  and  recycled 
phosphorus  via  biodegradation  of  its  resultant  detritus  (Rcimold,  1972;  Teal,  1962). 

Plankton  abundance  and  productivity  are  relatively  high  throughout  this 
Area,  varying  somewhat  in  absolute  no~i>ers  seasonally’  and  spatially  (see 
"Plankton"  section) .  Total  plankton  volume  over  the  shelf  north  of  Cape  Hatteras 
is  400  ml/1,000  m3  during  the  wrinter  and  700  to  800  ml/1,000  m3  during  the 

sunmer  (Be,  1969).  North  of  Cape  Hatteras  over  the  slope  jhyt cp lank ton  biomasses 

of  110  fit}  C/1  at  4  meters,  168/rg  C/1  at  10  meters,  and  3 /*g  C/1  at  100  meters 

were  recorded.  At  another  station  just  east  of  the  Cult  Stro.im,  in  tlx.' 

western  edge  of  the  Sargasso  Sea,  a  maximum  phytoplankton  biomass  of  19 /*g  C/1 
at  6  meters  and  minimun  of  0.1/i.g  C/1  at  200  meters  were  recorded  (Bobbie,  et  al., 
1972) .  Thus,  phytop lank ton  are  abundant,  except  far  offshore  in  the  Sargasso  Sea. 

Productivity  ranges  from  250  to  500  mg  C/m2/duyr  over  tlx'  shelf  and  exceeds 
500  mg  C An 2 /day'  in  Chesapeake  Buy  (Moiseev,  1969)  ,  which  is  very  high  when 
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compared  with  the  mean  production  value  for  worldwide  shallow  coastal  waters, 
which  is  100  g/m2/yr  or  282  mg/m2/day  (Ryther,  1969) .  Primary  production 
directly  influences  the  population  size  and  production  of  pelagic  and  benthic 
organisms  (Raymont,  1963;  Ryther,  1969;  Rowe,  1969).  Areas  where  primary 
production  is  high  often  are  associated  with  high  zooplankton  production  and  high 
benthic  biomass  (Ryther,  1969;  Rowe,  1971).  As  described  in  the  "Plankton," 
"Benthos,"  and  "Fisheries"  sections,  standing  crop  biomass  values  for  these  groups 
in  the  Area  are  high. 

d.  Herbivores — A  large  variety  of  animals  feed  directly  upon 
itarine  phytoplankton  and  vegetation  (fig.  52).  These  include  filter 
feeders,  which  may  be  sessile,  buried,  planktonic  or  nektonic,  and  crawling 
or  swimming  grazers.  Various  protozoans,  copepods,  mysids,  euphausiids, 
pteropods ,  appendicularians ,  larval  forms,  other  small  plankters,  menhaden, 
and  other  small  fishes  feed  heavily  on  phytoplankton  crops  and  thereby  directly 
affect  their  population  size  (Raymont,  1963;  Reintjes,  1969).  In  turn,  the 
population  size  and  successful  breeding  of  these  zooplank ters  depend  upon  the 
phytoplankton.  As  described  in  the  "Plankton"  section,  the  volume  of 
zooplankton  in  the  Hampton  Roads /Nor folk  Operating  Area  is  relatively  great. 

Sessile  invertebrates  filter  phytoplankton  out  of  the  seawater  (see 
"Benthos"  section)  and  are  most  common  in  estuarine  and  littoral  waters. 

Molluscs  (e.g.,  clams,  oysters,  scallops,  shipworms) ,  crustaceans  (e.g.,  barnacles, 
mole  crabs,  amphipods) ,  sipunculids,  annelids  (tubaworms) ,  bryozoans,  tuni cates, 
sponges,  corals,  and  hydroids  are  the  most  abundant  sessile  filter-feeders 
(fig.  52)  (Cowles,  1930;  Dexter,  1969;  MeCloskey,  1970;  Pearse,  1942; 

Pearse  and  Williams,  1951;  Raymont,  1963).  In  the  deep  sea  few  animals  are 
filter- feeders;  most  are  deposit- feeders  (Sanders  and  Hessler,  1969) . 

Attached  plants  form  the  predominant  source  of  food  for  several  species  of 
grazing  gastropods  and  supplement  the  diet  of  same  crustaceans  and  fishes  in  the 
shallow  littoral  and  estuarine  waters  of  the  Area.  Grazers  feed  directly  upon 
living  plaints,  keep  the  amount  of  attached  vegetation  relatively  stable,  and 
provide  open  sp>aces  for  attachment  of  larval  invertebrates  and  algae. 

Thus,  herbivores  are  irrportant  in  the  dynamics  of  the  marine  ecosystem. 

They  often  represent  the  trophic  link  between  the  photosynthetic  primary  producers 
and  ccmercially  valuable  animals,  or,  as  with  the  menhaden,  are  themselves 
aonrercially  harvested.  Herbivores  also  keep  phytoplankton  and  attached 
vegetation  populations  at  stable  levels,  thus  precluding  possible  eutrophication 
and  dominance  by  a  single  species  to  the  exclusion  of  others. 

e.  Carnivores — Most  fishes,  including  many  commercially  harvested 
species,  manuals,  jellyfish  (scyphozoans) ,  siphonophores,  squids,  octcpi ,  and 
sea  birds  are  pelagic  or  neritic  carnivores  and  often  constitute  the  highest 
trophic  level  of  many  marine  food  chains  (fig.  52) .  Seme  of  the  larger 
crustaceans,  salps,  molluscs,  and  annelids  are  also  carnivorous.  Chaetoynaths 
parey  on  calanoid  copepods  and  other  herbivores  (Ccwles,  1930;  Grant,  1963a,  b) . 
Fishes  such  as  shad,  mackerel,  menhaden,  sea  trout,  and  sea  herring  prey  on 
great  quantities  of  the  mysid  Neomysis  americana  (Ccwles,  1930;  Hopkins,  1965). 
Bluefish  prey  on  young  menhaden  in  coastal  waters  (Grant,  1962a) .  Striped  bass 
feed  voraciously  upon  other  fishes  and  crustaceans  (Nichols,  1967). 

Sgualoid  sharks  are  known  to  eat  other  sharks,  fish  such  as  hake,  and  crabs 
(Musick  and  McEachran,  1969) . 
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On  the  Continental  Shelf  and  slope  the  most  important  carnivores 
probably  are  the  demersal  fishes,  echinoderms ,  errant  polychaetes ,  anemones, 
crabs,  and  gastropods.  Demersal  flounders,  hakes,  and  other  fishes,  search 
along  the  bottom  for  arall  bivalves,  crustaceans,  annelids,  and  other  inverte¬ 
brates.  The  sea  star  (Asterias  forbesi),  which  is  abundant  throughout  most 
subtidal  areas,  probably  feeds  on  crustaceans  and  bivalves,  such  as  clams,  oysters, 
mussels,  and  quahogs.  The  sea  star  (Astropecten  articulatus)  preys  upon  at 
least  74  species  of  molluscs,  including  ccrtriercially  valuable  young  scallops 
and  quahogs  (Porter,  1972).  Scallops  are  also  preyed  ujon  by’  carnivores  such 
as  crabs  and  large  gastropods  (Qnery,  1968) .  A  small  number  of  deep-sea 
nematodes  and  other  meiobenthos  are  predators  (Tietjen,  1971) . 

Except  for  blue  crabs  (Callinectes  sapidus) ,  which  occasionally  prey 
upon  mole  crabs  (Bnerita  talpoida) ,  carnivores  are  relatively  rare  in  sandy 
beach  areas  (Pearse,  1942) .  In  rocky  intertidal  and  estuarine  areas 
carnivores  are  also  unccmon;  infrequent  starfish  prey  upon  bivalves  and 
barnacles;  errant  polychaetes  prey  upon  small  crustaceans  and  other  invertebrates, 
seme  crabs  capture  living  as  well  as  dead  invertebrates  and  fish,'  boring 
whelks  attack  oysters  and  other  bivalves;  and  small  fishes  feed  on  hydro  ids, 
crustaceans,  and  annelids. 

Thus,  the  carnivores  of  the  ecosystem  provide  the  important  link  between 
the  plant-consuming  herbivores  and  either  the  highest  marine  trophic  levels 
or  rran.  The  carnivores  ultimately  concentrate  any  toxins  or  other  contaminants 
ushich  have  been  ingested,  accumulated,  concentrated,  and  transferred  through 
numerous  individual  food  chains  and  thereby  present  a  potential  health  hazard 
if  consumed  by  humans. 

f.  Saprotrophs — The  distribution,  abundance,  and  activity  of  marine 
bacteria  and  their  biodegradation  role  in  the  marine  ecosystem  have  been  well 
documented  (ZoBell,  1946;  Raymont,  1963;  Menzel  and  Rythcr,  1970;  Jarmasdh,  c t 
al.,  1971;  Hobbie,  et  al.,  1972;  Oceanographer  of  the  Navy’,  1971;  Russel 1- 
Hunter,  1970).  Bacteria,  fungi,  and  sane  protozoa  break  down  the  oanplex 
compounds  of  the  remains  of  all  the  autotrophs,  herbivores,  carnivores,  and 
detritus  feeders,  absorb  some  of  the  decomposition  products,  and  release  into 
the  water  inorganic  substances  usable  by  autotrophs  (fig.  52).  They  also 
release,  into  the  sediments  and  water,  particulate  and  dissolved  organic  matter 
usable  by  detritus- feeders  and  fi Iter- feeders .  Lignioolous  marine  fungi  occur 
off  North  Carolina  (Johnson,  1958) . 

Bacterial  decomposition  of  dead  pelagic  organisms  takes  place  while  they 
sink,  while  that  of  benthic  organisms  takes  place  on  the  bottom  Most 
biodegradation  occurs  before  the  pelagic  debris  sinks  below  the  upper  water 
layers  in  which  the  greatest  concentrations  of  organisms  are  found;  thus,  the 
cycling  of  most  inorganic  and  organic  matter  is  restricted  to  relatively  near¬ 
surface  water  layers.  Plant  and  animal  detritus  which  sinks  into  deep  water  is 
decomposed  slowly  by  bacteria,  but  decomposition  is  supplemented  by  the  scavenging 
activity  of  crustaceans,  fishes,  annelids,  and  echinoderms.  The  relatively 
anal  1  amount  of  organic  rratter  that  reaches  the  deep  water  layers  and  sediments 
is  often  too  deep  to  be  available  to  euphotic  organisms  through  oceanographic 
processes  such  as  upwelling  and  turbulence. 

Pelagic  consumer  organisms  release  fecal  pellets,  mostly  in  the  upper, 
lighted  water  layers.  Decomposition  of  this  fecal  material  and  that  of  such 
common  benthic  organisms  as  the  crustacean  (Gillianassa  major)  produce 
considerable  reusable  nitrogen  and  phosphorus  (Raymont,  1963;  Frankenberg, 


et  al . ,  1967).  Mcdem  nan  has  recently  contributed  large  volumes  of  sewage 
and  overboard  degradable  wastes  which  provide  additional  resources  of  nutrients 
following  bacterial  and  macrosaproph^ tic  activity  (Oceanographer  of  the  Navy, 


1971)  . 


g.  Detritus- feeders  and  demersal  scavengers — Intertidal  and  littoral 
organisms  filter  great  quantites  of  water  to  capture  phytoplankton,  particulate 
organic  detritus  and  bacteria  (see  "Benthos"  section) .  Small  zooplankton 
depend  upon  suspended  [articulate  matter  as  well  as  phytoplankton  for  food. 
Certain  species  of  sandy  beach  copepods,  isopods,  amphipods,  polychaetes, 

and  molluscs,  either  filter  [articulate  detritus  out  of  the  water  or  process 
sand  nonselectively  for  food.  Some  amphibious  aid  shoreline  crabs,  isopods, 
amphipods,  binds,  and  terrestrial  mairmals  and  insects  live  on  the  remains 
of  stranded  marine  plants  and/or  their  associated  faunas  (Pearse,  1942; 

Dexter,  1969) . 

Benthic  organisms  that  crawl  over  or  burrow  through  upper  sediment  layers 
ingest  and  process  the  sediments  for  organic  matter  which  has  drifted  down 
from  the  euphotic  zone  or  has  been  formed  in  place.  On  the  Continental  Shelf 
shrimps,  polychaetes,  sipunculids,  nematodes ,  ophiuroids,  and  other  species 
of  echinoderms,  annelids,  and  arthropods  arc  detritus-feeders  (fig.  52). 

Certain  filter- feeding  benthic  and  pelagic  animals  also  ingest  particulate 
organic  iratter  suspended  in  the  water. 

Benthic  organisms  are  largely  dependent  upon  the  rain  of  dead  plants  and 
animals  frem  the  euphotic  zone.  The  amount  of  material  reaching  the  bottan 
decreases  with  increasing  depth  because  of  the  increased  length  of  exposure 
to  pelagic  biodegradation  during  sinking.  Therefore,  the  deep-sea  benthic 
biomass  is  much  smaller  than  in  surface  or  shallcw  waters  (Sanders  and  Hessler, 
1969).  The  number  of  detritus-feeders  generally  exceeds  the  numbers  of 
other  feeding  types  in  the  deep-sea  benthos  (Sanders  and  Hessler,  1969;  Tietjen, 
1971).  Tie  most  common  and  most  diverse  groups  of  deep-sea  detritus- feeding 
macrobenthic  organisms  are  the  polychaetes,  tanaids,  isopods,  amphipods, 
pelecypods,  holothuroids ,  sipunculids,  and  oligochaetes  (Sanders  and  Hessler, 
1969).  The  majority  of  deep-sea  nematodes  are  detritus-feeders,  feeding 
upon  the  remains  of  euphotic  plankton,  in  situ  bacteria,  and  transported 
rruterial  such  as  marsh  grass  and  turtle  grass  (Tietjen,  1971)  . 

Demersal  or  deep-sea  macrurids  and  other  fishes  known  to  be  scavengers, 
readily  devour  fish  carcasses  and  other  large  organic  debris  which  settles 
toward  the  bottom  (Oceanographer  of  the  Navy,  1971) .  Same  animals  such  as 
hake,  flounders,  curd  crabs,  which  are  detritus-feeders  or  supplement  their 
diet  with  scavenging  or  detritus-feeding,  are  consumed  by  man  or  by  ootmercial ly 
harvested  marine  animals.  Thus,  animals  that  feed  on  detrital  matter 
represent  an  important  link  in  the  marine  ecosystem  between  bacterial  decom¬ 
position  and  predation  by  ecologically  and/or  economically  important  animals. 

h.  Discussion — The  preceding  section  has  described  sane  of  the 
biotic  components  of  the  ecosystem  and  same  of  the  processes  that  link  these 
components.  Food  chain  relationships  in  the  Area  are  based  mainly  upon  the 
autotrophic  primary  production  of  phytoplankton  and  attached  plants.  The 
inorganic  nutrients  necessary  for  primary  production  arc  generated  locally  in 
shallcw  water  layers.  Some  nutrients  are  also  transported  into  the  Area  from 
continental  runoff  via  the  estuaries,  from  warm  southern  waters  via  the 

Gulf  Stream,  and  from  cool  northern  waters  via  an  extension  of  the  Labrador 
Current.  Herbivores  which  feed  on  the  autotrophs  include  cope[iods,  pteropods, 
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sessile  filter-feeders,  and  benthic  grazers.  They  are  preyed  upon  by 
carnivores  such  as  fishes,  euphausiids,  chaetognaths ,  and  starfish,  which  may, 
in  turn,  be  eaten  by  secondary  carnivores  such  as  manuals,  fishes,  and 
octopods.  Mechanical  and  bacterial  decomposition  of  dead  organisms  provides 
dissolved  and  particulate  organic  matter  for  consunption  by  f i 1  ter- feeders  and 
detritus- feeders  and  regenerates  inorganic  nutrients  for  use  by  autotrophs  again. 
These  data  on  trophic  relationships  and  inorganic  and  organic  cycling  explain 
hew  introduced  pollutants,  contaminants ,  and  toxins  are  assimilated,  concentra¬ 
ted,  and  passed  from  ocean  water  through  various  food  chains  and  possibly  to 
humans. 

Available  energy  declines  with  each  step  in  the  food  chain  as  a  result  of 
energy  expenditures  incurred  during  locomotion,  reproduction,  and  metabolic 
and  other  activities.  For  example,  many  autotrophs  are  eaten  by  fewer  herbivores 
which  support  fewer  carnivores,  etc.  (Odum,  1970) .  Conversely,  ingested 
materials  such  as  pesticides,  heavy  metals,  and  radionuclides  which  accumulate 
in  somatic  tissues  often  undergo  "biological  magnification"  with  each  step 
in  the  food  chain  (Odum,  1970) .  Between  photosynthetic  organisms  and  man 
there  are  often  five  trophic  levels  or  magnif ications  in  oceanic  waters;  there 
cure  often  three  in  coastal  waters  because  many  of  the  autotrophs  and  herbivores 
are  large  enough  to  be  consumed  directly  by  large  copepods  and  euphausiid 
zooplank ter s  (Ryther,  1969) . 

Though  the  trophic  dynamics  of  the  marine  ecosystem  arc  largely  determined 
by  biological  factors  in  a  diverse  and  productive  marine  area  such  as  the 
Hampton  Roads/Norfolk  Operating  Area,  certain  abiotic  and  hydro* jraphic 
parameters  also  influence  the  level  of  primary  production  and  all  resultant 
ecological  processes.  Sane  of  these  abiotic  processes  and  sane  of  the  effects 
of  pollutants  on  marine  organisms  will  be  discussed  lx? low. 

2.  Abiotic  processes 

a.  Introduction — Abiotic  processes  affect  the  distribution  and 
abundance  of  the  ecological  components  of  the  ecosystem,  the  distribution  and 
toxicity  of  pollutants,  and  decree  of  exposure  of  marine  organisms  to  the 
pollutants.  Information  on  waves,  water  currents,  temperature,  salinity, 
oxygen  content,  pH,  density,  and  sediments  is  presented  in  the  "Physical 
processes,"  "Seawater  properties,"  and  "Marine  geology"  sections. 

Sane  observational  and  experimental  data  have  boon  published  which  link 
seme  of  these  abiotic  parameters  with  ecological  comixinents.  Hcwevcr ,  most 
of  these  studies  were  conducted  either  in  fresh  water  or  in  seawater  outside 
the  0{x3rating  Area.  Consequently,  the  following  discussion  descrilxis  seme 
of  the  probable  effects  of  interactions  of  abiotic  processes  on  pol lutants  and 
the  eoosystan  according  to  the  basic  behavioral  and  [ihysio logical  characteristics 
of  marine  organisms,  applicable  laboratory  data  on  the  effects  of  jxal  lutants 
upon  marine  organisms,  and  the  physical,  chemical,  and  geological  dviracteristi.es 
of  the  Operating  Area. 

b.  Processes  which  affect  distr ibution  of  jjoI  lutants 

(1)  Water  currents — A  discission  of  the  surface  and  subsurface 
current  regimes  for  the  Area  was  presented  in  the  "Currents"  section. 

These  currents  transport  and  disperse  any  introduced  jxd  lutants.  Materials 
that  float  or  remain  near  the  surface  will  be  transported  taster  than  those 


that  sink  toward  the  bottom,  sincu  water  current  velocities  general ly  decrease 
with  depth. 

Active  dredge  spoil  sites  off  the  mouth  of  Chesapeake  Bay  are  subject  to 
bottom  drift  currents  which  flow  into  the  bay.  During  the  winter,  total 
bottom  drift  includes  a  current  which  flows  northwesterly  over  an  active 
spoil  site,  around  Cape  Henry'  into  the  bay.  The  greatest  erosion,  entrainment , 
and  transport  of  shelf  sediments  occur  during  the  fall,  winter,  and  spring. 

Thus,  some  dredge  spoils  dumped  off  the  mouth  of  the  bay  will  be  transported 
into  it  along  the  bottcm,  particularly  during  these  seasons.  Also,  spoils 
dumped  in  the  summer  which  reach  the  bottcm  may  be  eroded  and  transported  into 
the  bay.  The  turbulent  action  of  storms  and  floods  may  erode  and  resusjxmd 
the  nuterial  again,  and  surface  currents  nuy  move  it  out  of  the  bay  and 
deposit  it  on  the  slope. 

The  industrial,  radioactive,  and  caoplosive  dump  sites  located  on  the 
shelf  and  slope  between  75°  and  74°W  (see  "Inventory  and  possible  effeuts  of 
contaminants"  section  and  fig.  51)  lie  in  a  southerly  and  .southeasterly  current 
regime.  Dumped  and  spilled  materials  at  these  sitois  may  be  transported  either 
southward  toward  Cape  Hatteras  or  southeas tward  toward  the  Gulf  Stream. 

Eventual  mixing  with  Gulf  Stream  waters  may  result  ultimately  in  transport 
offshore  cut  of  the  Area.  Dump  sites  located  in  the  Gulf  Stream  or  oust  of  74°W 
will  be  af fee tod  by  easterly  and  northeasterly  currents,  which  may  move  dum^xd 
materials  offshore  out  of  the  Area,  curing  movement  in  the  Area,  contaminants 
may  enter  the  food  chain  to  be  ultimately  concentrated  in  animals  of  hiejh 
trophic  levels. 

Based  on  the  direction  and  velocity  of  the  prevailing  currents  (see  "Currents" 
section) ,  disposal  of  pollutants  nearshore  either  north  of  or  within  the 
Operating  Area,  will  endanger  the  coastal  area  to  the  south.  It  is  unlikely 
that  materials  dumped  on  the  shelf  or  slope  north  of  Cape  Hatteras  will 
be  transported  south  of  Cape  Hatteras  in  appreciable  amounts;  thus,  their 
effects  on  the  organisms  of  the  Carolinian  Faunal  Province  are  limited. 

Materials  dumped  south  of  Cape  Hatteras  can  be  transported  by  the  Gulf  Stream 
fran  the  Carolinian  Faunal  Province  toward  the  northeast  out  of  the  Operating 
Area,  as  occurred  during  the  September  1972  oil  spill. 

(2)  Temperature — As  described  in  the  section,  "Sosa water  properties, 
sharp  temperature  gradients  often  result  in  the  formation  of  a  front  [boundary 

or  interface)  which  can  affect  the  disjjersion  of  surface  contaminants .  The 
northern  boundary  of  the  Gulf  Stream  acts  as  a  temperature  front.  Pollutants 
dumped  or  spilled  near  shore  north  of  Cape  Hatteras  cun  be  transported  south¬ 
ward  until  impeded  by  the  thermal  front  of  the  Gulf  Stream.  These  materials 
may  accumulate  along  this  boundary,  slowly  mix  with  Gulf  Stream  water,  and 
move  northeasterly  out  of  the  Area. 

Water  temperature  varies  sharply  with  the  seasons,  being  highest  in  the 
summer.  The  metabolic  rates  of  producer  and  consumer  orejanisms  vary  directly 
with  water  temperature.  Therefore,  introduced  toxic  materials  such  as  heavy 
metals  and  pesticides  will  be  assinu la Led,  concxm tr a ted ,  and  transferred  through 
the  food  v*±>  most  rapidly  during  the  summer  months,  more  slowly  in  the  fall 
and  spring,  and  slowest  in  the  winter. 

(3)  Salinity — Though  low  salinity  values  are  ccrmon  throughout 
the  coastal  region  a  sharp  salinity  ojradient  crxists  off  Chesapeake  Bay. 

Surface  pollutants  such  as  oil  can  cxdlcjct  at  the  seaward  interface  of  this 


gradient,  particularly  during  the  summer  when  the  gradient  is  sharpest. 

(4)  Density — As  described  in  the  section,  "Seawater  properties," 
relative  homogeneity  of  the  density  structure  of  the  water  column  directly 
affects  the  depth  to  which  sane  materials  sink.  It  is  possible  that  same 
introduced  contaminants  may  accumulate  or  remain  in  suspension  because  of 
discontinuity  layers  within  the  euphotic  zone  and  thus  increase  the  degree  of 
exposure  to  autotrophic  organisms.  Introduced  materials  may  disperse  from 
their  point  of  origin  along  these  discontinuity  layers  to  other  regions. 

Density  is  influenced  by  temperature  and  salinity  and  determines  relative 
stability  within  the  water  column.  A  stable  water  column  tends  to  reduce 
surf ace- to-bottom  mixing.  Unstable  water  increases  mixing,  dispersion,  and 
homogeneity  of  introduced  pollutants.  Unstable  conditions  exist  near  the 
Gulf  Stream  during  April  and  December  and  in  the  coastal  regions  (see  "Sea¬ 
water  properties") .  In  periods  of  instability,  bottom  contaminants  can  be 
transported  upward  into  the  euphotic  zone  and  subsequently  assimilated  by  the 
organisms  of  the  food  web. 

c.  Processes  which  affect  the  biota 

(1)  Water  currents — Water  currents  bring  necessary  nutrients 
and  oxygen  to  marine  organisms  and  carry  away  secretions  and  excretions.  They 
move  vast  numbers  of  planktonic  organisms  thereby  determining  the  location 
and  abundance  of  herbivores  and  carnivores  (including  ccrrmercially  valuable 
fishes) . 

Water  currents  also  disperse  and  transport  pollutants  to  which  narine 
organisms  are  exposed.  For  example,  oil,  pesticides,  heavy  metals,  industrial 
wastes,  dredge  spoils,  and  radioactive  materials  introduced  in  the  nearshore 
waters  off  Maryland,  Delaware,  and  New  Jersey  will  be  transported  southwestward 
along  the  Delmarva  Peninsula,  and  Virginia  and  North  Carolina  coasts  endangering 
the  biota  of  these  areas.  Material  sinking  near  the  entrance  of  Chesapeake 
Bay  nay  be  swep^.  by  bottom  currents  into  the  bay.  In  this  way,  ocmmercial 
fisheries,  shellfish  beds,  and  recreational  areas  are  susceptible  to 
pollutants  introduced  miles  away.  Crude  oil  spilled  off  Cape  Hatteras 
in  September  1972  was  transported  northeasterly  by  the  Gulf  Stream  (see 
"Currents"  section)  out  of  the  Area  and  the  coast  was  unaffected.  Pelagic 
tuna  and  other  offshore  fishes  may  be  subjected  to  pollutants  introduced 
in  nearshore  waters. 

The  region  whore  surface,  subsurface,  and  bottan  currents  would  probably 
least  affect  introduced  pollutants  is  from  38°00'N,  73°30'W  to  38°00'N,  72°30’W, 
from  36°30'N,  74°00'W  to  37°00'N,  72°30'W.  In  this  region,  depths  are  great  .and 
the  relatively  slew  water  currents  produce  a  net  northeast  drift  out  of  the  Area 

(2)  Sediment  <jrain  size — As  described  in  the  section  "Marine 
Geology,"  most  of  the  shelf  is  covered  with  sandy  sediments  and  most  of  the 
slope  with  finer  grain  muds.  Suspended  material  flushed  out  of  Chesapeake  Bay 
passes  over  the  shelf  before  settliny  on  the  slope.  The  grain  size  of  the 
shelf  sediments  is  conducive  to  a  molluscan-echinoderm  dominated  benthic  fauna; 
the  finer  size  sediments  of  the  deep  slope  areas  support  a  rich  polychaete- 
dnmi noted  infaunal  population.  Changes  in  sediment  grain  size  may  change  the 
enmfwsition  of  benbic  communities  and  influence  the  relative  rate  of  absorption 
of  oil  or  other  coating  materials  by  sediment  {^articles,  resulting  in  increased 
availability  of  these  contaminants  to  sediment-processing  detritus  feeders. 


(3)  Temperature — As  discussed  in  the  section  "Benthos,"  Cape 
Hatteras  represents  a  strong  temperature  and  faunal  boundary.  The  terrperature 
gradient  of  the  northern  Ijounriary  of  the  Gulf  Stream  causes  the  formation  of  an 
interface  and  restricts  the  distribution  of  surface  rraterials  including  pollutants 
and  marine  organisms.  Temperature  changes  may  affect  pre-existing  distributional 
characteristics  of  these  pollutants  and  organisms. 

(4)  Oxygen — Oxygen  content  is  relatively  high  throughout  the  Area 
(see  "Seawater  properties"  section)  .  An  oxygen  minimun  layer  occurs  at  depths 
of  200  to  300  meters  in  the  north  and  700  to  800  meters  in  the  southern  part 

of  the  Area.  Minimum  values  of  3.3  to  3.6  ml/1  probably  do  not  limit  biological 
activity.  However,  the  presence  of  seme  pollutants,  (including  biodegradable 
wastes) ,  in  the  water  column  may  sufficiently  deplete  ambient  oxygen  through 
oxidation  processes  to  create  an  anoxic  condition,  particularly  at  the  level 
of  the  minimum  layer. 

(5)  pH — Hydrogen  ion  concentration  ranges  fran  7.10  to  8.60 
throughout  the  Operating  Area.  These  values  are  well  within  the  range  of 
tolerance  of  most  marine  organisms.  Most  animals  can  survive  in  water  with  pH 
values  of  4.0  to  11. 0.  However,  pH  tolerances  vary  with  oach  species.  Additions 
of  highly  acidic  or  highly  basic  materials  may  create  physiological  stresses 
upon  seme  organisms,  especially  if  a  pH  stress  accompanies  some  other  stress. 

Basic  conditions  increase  the  precipitation  of  heavy'  metals  and  thereby  possibly 
increase  the  exposure  of  benthic  animals  to  these  metals.  The  buffering  action 
of  the  carbonic  acid-bicarbonate-carbonate  system  tends  to  maintain  seawater 
within  a  relatively  constant  range  of  pH.  Therefore,  it  usually  minimizes  the 
effects  of  dumping  acidic  and  basic  wastes.  In  addition  to  buffering,  normal 
biochemical  activity  of  photosynthesis  tends  to  increase  pH,  while  that  of 
respiration  and  saprophytic  decomposition  tends  to  lower  pH. 

3.  Interactions  of  biotic  and  abiotic  processes 

a.  Influence  of  stresses  on  productivity — Dumping  of  dredge  spoils 
and  other  activities  that  increase  the  turbidity  of  surface  water  layers  lower 
productivity  by  reducing  the  penetration  of  sunlight  into  the  water  and  by 
interfering  with  filter- feeding  activities  of  benthic  and  planktonic  animals. 
Pesticides  such  as  DOT  and  halogenated  hydrocarbons  reduce  the  rates  of 
phytoplankton  photosynthesis  (Wurster,  1968) ,  reducing  productivity  and  possibly 
passing  the  toxic  substance  through  the  trophic  chain  to  higher  organisms. 

The  effects  of  most  pjollution  incidents  probably  are  small  in  relation  to 
environmental  variations.  These  variations  often  are  cyclic,  but  the  effects  of 
pxol  lutants  are  often  linear  and  cumulative.  The  super  imposition  of  a  small 
bit  constant  change  upon  the  natural  cycles  can  have  major  long-term  (10  bo  20 
years)  effects  upon  productivity  or  ecosystem  composition  (Glover  et  al.,  1970). 
Sub lethal  pjollution  may  interact  with  normal  natural  stresses  (e.g.,  temperature , 
salinity,  insolation  cycles)  creating  overall  effects  out  of  pjroportion  to 
the  component  effects.  For  example,  productivity  will  be  reduced  more  if 
dredge  spoils  arc*  dumped  at  a  time  when  the  water  is  turbid  than  when  it  is 
clear. 

The  total  range  of  {productivity  in  the  oceans  approximates  that  of  the 
land  (Golley,  1972).  Primary  productivity  throughout  the  Hampton  Roads/Norfolk 
Area  is  relatively  high  (Moiseev,  1969) .  Absolute  population  and 
productivity  levels  vary  seasonally,  annually,  and  over  longer  term  pjer iods . 
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Productivity  also  varies  with  respect  to  the  rate  of  transfer  of  nutrients 
into  the  euphotic  zone,  which  in  turn  depends  upon  the  rate  of  vertical 
circulation  arri  the  available  stock  of  nutrients  in  deep  water.  Rate  of 
transfer  is  slow  in  deep  offshore  waters  because  of  weak  vertical  circulation, 
and  generally  increases  with  decreasing  water  depth  (Riley,  1972). 

Tha  net  organic  production  of  an  individual  organism  is  a  function  of 
the  food  assimilated  minus  metabolic  losses  and  respiration.  Organic  energy 
Ls  unavoidably  lost  to  the  food  chain  at  each  successive  trophic  level  through: 
notabolic  processes;  hunting  and  capturing  food;  food  not  used  as  a  result 
of  death,  sedimentation,  or  emigration  frem  the  area;  and  excretion  of 
dissolved  oryanic  imtter  by  plants  and  animals  (Ryther,  1969). 

The  relative?  richness  of  an  unstressed  eoosystem  and  its  components 
depends  largely  u; on  physical  factors  such  as  solar  radiation,  vertical 
circulation,  nutrient  concentrations,  water  depth,  and  bottom  sediment  type. 

Also,  numerous  biological  interrelationships  and  processes  determine  the 
res[xjnse  of  the  ecosystem  structure  to  the  physical  environment. 

Secondary  and  tertiary  productivities  among  tire  nekton  and  benthos  often 
vary  directly  with  the  ..imount  of  food  energy  produced  by  and  transferred  from 
the  autotrorhs  to  higher  trophic  levels  (Rnymont,  1963;  Rrwe,  1971;  Ryther,  1969). 
Since  total  productivity'  dejx'nds  directly  upon  the  numbers  or  biomass  of 
autotroths,  any  stresses  that  eliminate  those  organisms  or  cause  a  loss  in 
their  production  efficiency'  will  decrease  the  productivity  of  the  entire 
ecosystem.  Decreases  in  primary  productivity  in  the  euphotic  zone  will  result, 
after  a  time  lag,  in  decreases  in  the  number  of  fish,  manmals,  and  invertebrates . 
Therefore,  [ emulations  which  are  not  themselves  exposed  to  pollution  may  be 
affected  by  a  decrease  in  productivity  in  a  distant  part  of  the  food  chain. 

b.  Influence  of  stresses  on  cormunity  diversity  and  stability 

(1)  The  relationship  of  diversity  to  stability — The  term  diversity 
describes  and  measures  sj>ocies  richness  or  numbers  of  species  in  a  particular 
area.  "Stability"  refers  to  environmental  stability,  which  implies  a 
range  of  parameters  of  the  envi ronment,  or  structural  stability,  which  implies  a 
maintenance  of  a  relatively  steady  state  within  a  oemnunity.  Most  ecologists 
agree  that  diversity  and  stability  are  positively  correlated  (Boesch,  1972; 
(Irassle,  1967;  Johnson,  1970;  Sanders,  1969;  Sanders  and  Messier,  1969; 

Slobodkin  and  Sanders,  1969). 

Some  autotrophs,  herbivores,  carnivores,  detritus- feeders,  and  saprophytes 
will  die  or  emigrate  as  a  result  of  acute  oil  spills,  dredge  spoil  dune's,  toxic 
spills,  and  chronic  long-term  additions  of  pesticides,  toxic  materials,  or 
oil.  IjOss  of  these  organisms,  particularly  of  grazing  herbivores  or  predators, 
will  change  aonmunity  composition,  and  decrease  species  diversity  and  structural 
stability.  For  example,  loss  of  sea  stars  which  prey  upon  bivalves,  barnacles, 

.ind  other  invertebrates  in  the  intertidal  and  littoral  zones  would  lewer  the 
stability  of  the  benthic  conmunities  they  inhabit. 

As  discussed  in  tile  "BentJios"  section,  n tic rofien tine  diversity-  studies 
show  that  diversity  *ind  structural  stability  are  high  on  the  Continental  Shelf 
,\nd  slojx.  in  the  Area.  In  the  mouth  of  Chesajxviko  Bay  at  Hampton  Reads, 
however,  envitvnmontal  stresses  hive  unarent  ly  elii'iinatixl  some  sjocics  .ind 
therefore  already  depressed  the  community  diversity  (Boesch,  1972). 


Further  loss  of  species  and  decreased  stability  will  occur  if  critical 
environmental  factors  are  changed  severely  or  unpredictably .  Changes  in 
sediment  grain  size,  pH,  salinity,  turbidity,  temperature,  and  productivity 
levels  may  cause  either  subtle  or  dramatic  changes  in  species  composition, 
population  size,  reproductive  success,  and  ccmnunity  stability  throughout  the 
entire  ecosystem  or  in  parts  of  it. 

(2)  Roles  of  predation  and  competition  in  maintaining  high 
diversity — Predation  and  competition  for  limited  resources  maintain  and 
increase  ccrmnity  diversity  and  structural  stability.  Predation  is  mostly 
restricted  to  the  upper  trophic  levels,  while  competition  of  all  sorts  occurs 
throughout  the  trophic  chain.  Both  are  factors  in  determining  stability  within 
an  entire  community  or  eoosystem. 

Predation  maintains  high  diversity  by  precluding  a  takeover  of  an 
environment  by  one  species,  by  keeping  space  open  for  a  new  recruitment  by  all 
competing  species,  and  by  eliminating  monopolization  of  the  major  environmental 
prerequisites  by  one  species  (Spight,  1967;  Paine,  1966).  In  rocky  intertidal 
areas,  for  example,  starfish  preying  upon  mussels  and  barnacles  keep  physical 
space  (the  prime  resource)  open  for  settlement  by  the  planktonic  larvae  of 
numerous  competing  species  (Paine,  1966) .  Predators  having  several  species  of 
prey  available  can  persist  when  one  of  the  prey  species  becomes  scarce . 
High-level  predators  possibly  contribute  more  to  ccmmunity  stability'  than  the 
lower  level  predators  (Saila  and  Parrish,  1972) . 

Ccmpetitive  activity  between  species  (interspecif ic)  and  between 
members  of  the  same  species  (intraspecific)  regulates  population  size,  species 
diversity,  and  the  evolutionary  processes  of  species  and  communities.  Hither 
by  exploitation  or  by  interference,  competition  encourages  speciation  and 
therefore  diversity  (Miller,  1969).  Exploitation  occurs  when  two  or  more 
individuals  or  species  have  free  access  to  a  limiting  resource,  and  the  out¬ 
come  of  competition  is  determined  by  their  relative  abilities  to  use  the 
resource  efficiently.  Exploitation  involves  little  or  no  spatial  or  physical 
interaction  between  the  competitors.  Interference  involves  the  ability  of 
one  competitor  to  prevent  the  access  of  another  competitor  to  a  required 
resource  (Miller,  1969) . 

Elimination  of  carpeting  species  allows  their  competitors  relatively  free 
access  to  required  resources  and  space,  and  therefore  tends  to  encourage  the 
development  of  a  community  dominated  by  large  numbers  of  a  few  species.  If 
these  few  species  become  increasingly  abundant  during  increasing  stresses, 
chances  for  a  new  recruitment  by  incursions  of  competing  species  decrease. 
Simultaneously,  the  genetic  adaptability  and  the  capability  of  tire  dominants 
to  survive  abiotic  perturbations  decrease,  and  diversity  and  stability'  further 
decrease  as  an  abiotic,  highly  polluted  environment  is  approached. 

(3)  Biologically  accomodated  and  physically  controlled 
communities — The  analyses  of  benthic  samples  by  H.  L.  Sanders  have  resulted  in 
the  stability-time  hypothesis  which  states: 

"Where  physiological  stresses  have  been  historically 
low,  biologically  accomodated  communities  have  evolved.  As  the 
gradient  of  physiological  stress  increases,  resultinq  from  increasing 
physical  fluctuations  or  by  increasingly  unfavorable  physical 
conditions  regardless  of  fluctuations,  the  nature  of  the  community 


gradually  charges  frcm  a  predominantly  biologically  accomodated 
to  a  predominantly  physically  controlled  carrunity.  Finally, 
when  the  stress  conditions  became  greater  than  the  adaptive  abilities 
of  the  organisms,  an  abiotic  condition  is  reached.  The  nimbers 
of  species  present  diminish  continuously  along  the  stress  gradient" 

(Sanders,  1968). 

Faunal  diversity  is  high  in  biologically  accommodated  oonTnunities  such 
as  pelagic  ocean  and  deep  benthic  areas.  The  environment  is  spatially  uniform, 
unstressed  by  pollutants,  predictable,  and  stable,  or  undergoes  snail  predictable 
seasonal  cycles.  Complex  patterns  of  energy  flow  exist  through  the  trophic 
levels,  ard  a  constant  and  sufficient  supply  of  nutrients  is  available. 

Such  factors  as  high  geometric,  chemical,  and  plant  diversity,  multiple  predator- 
prey  linkages,  and  narrow  behavioral  specializations  resulting  in  spatial  and 
temporal  separation  of  populations  all  permit  larger  numbers  of  populations  of 
different  species  to  coexist  (Slobodkin  and  Sanders,  1969) . 

In  physically  controlled  ccrrmunities  such  as  estuaries  and  polluted  harbors, 
faunal  diversity  is  low  and  only  a  few  of  "indicator"  species  are  able  to 
persist.  Environmental  conditions  fluctuate  widely  and  unpredictably  both 
spatially  and  temporally,  exposing  the  organisms  to  severe  physiological  stresses 
(Slobodkin  and  Sanders,  1969) .  Low-diversity  areas  are  often  characterized  by 
polluted  conditions,  species  with  wide  ecological  niches,  simple  patterns  of 
energy  flow  through  the  trophic  levels ,  and  either  severe  predictable  cycles 
in  physical  parameters,  or  infrequent  unpredictable  influxes  of  undesirable 
materials  or  water  conditions. 

Estuaries  are  important  nursery'  grounds  for  valuable  pelagic  and  neritic 
fishes  and  as  sources  of  inorganic  nutrients  and  organic  matter.  Since 
environmental  conditions  vary  throughout  the  estuaries  and  undergo  short-term, 
severe  fluctuations,  the  characteristic  low  diversity  and  stability  of  the 
estuaries  leave  then)  extemely  sensitive  to  additional  stresses  resulting 
frcm  human  activities. 

Species  diversity  is  lower  in  environments  with  irregular  fluctuations 
of  physical  properties  than  in  situations  characterized  by  regular  and 
predictable  fluctuations  of  the  same  magnitude.  Species  diversity  is  also 
lower  where  large  fluctuations  in  physical  parameters  cause  severe 
physiological  stresses  and  lower  the  probability  of  survival  ard  reproduction 
success.  Species  normally  found  in  biologically  acconmodatod  eonmunities 
are  not  able  to  invade  or  persist  in  a  physically  controlled  environment, 
since  they  are  not  sufficiently  tolerant  of  environmental  changes .  The 
possibility  of  evolutionary'  development  of  specific  adaptive  mechanisms  to 
lessen  the  effect  of  stresses  decreases  with  decreasing  predictability  of 
environmental  variations.  When  irregular  changes  such  .is  pollution  stresses 
do  occur  in  a  biologically  aoconrtodated,  predictable  environment ,  the  result  is 
likely  to  be  genetic  changes  lending  to  sixx:iation  (Slolxxikin  and  Sanders,  1969)  . 

Species  inhabiting  unpredictable  environme"ts  show  different  tolerances  ard 
sensitivities  to  environmental  changes  during  different  life  history  stages. 

The  most  sensitive  age  is  often  very  young,  which  nukes  year-class  failures 
likely.  A  long  enough  series  of  year-class  fai lures  leads  to  extinction 
(Slobodkin  and  Sanders,  1969). 

Thus,  the  expected  repercussions  of  tho  fomition  of  an  unpredictable. 
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severe  environment  include  decreased  probability  of  speciation,  possible  local 
extinction,  and  decreased  possibility  of  recruitment  of  new  species  frcm 
adjacent  predictable,  stable  areas.  The  net  result  is  a  tendency  toward 
fewer  species  and  lower  structural  stability  in  an  environmentally  unstable 
ecosystem. 


c.  Present  and  potential  role  of  man  in  the  ecosystem — Human 
activities  in  the  Hampton  Roads/Norfolk  Operating  Area  have  included  an 
extensive  amount  of  shipping,  including  naval  operations  and  oil  transport 
in  and  out  of  Chesapeake  Bay.  Pelagic  and  benthic  fisheries  have  been  exploited 
by  sport  and  ccmercial  fishermen  frcm  Delaware,  Maryland,  Virginia,  and 
North  Carolina.  Private,  public,  and  federally  controlled  seashore  areas 
have  been  exploited,  developed,  and  used  for  recreational  purposes. 

Municipal  sewage  has  been  piped  into  estuarine  and  coastal  waters.  Areas 
off  the  mouth  of  Chesapeake  Bay  have  been  used  for  dumping  dredge  spoils. 

On  the  Continental  Shelf  and  slope,  industrial  wastes,  radioactive  materials, 
and  obsolete  explosive  ordnance  have  been  dumped. 

Same  data  are  available  on  the  physical,  chemical,  geological,  and  biological 
characteristics  of  the  Area;  the  most  pertinent  of  these  data  are  included  in 
this  report.  Data  on  the  location,  depth,  and  dates  of  usage  of  active  and 
disused  dump  sites  and  the  chemical  and  physical  nature  of  materials  dumped 
are  sparse  and  difficult  to  obtain. 

Obviously,  all  future  introductions  of  foreign  materials  into  this 
environment  with  its  basic  capabilities  for  a  healthy  stability  should  be 
carefully  planned  and  researched. 

The  environmental  impact  of  human  activities  in  the  Area  can  be  predicted 
only  in  general  terms.  Limited  data  on  the  cause- effect  relationship  of 
specific  pollutants  and  the  ecosystem  or  its  parts  prevent  detailed  analysis. 
Hypothetical  situations  in  which  human  activities  deleteriously  affect  the 
marine  ecosystem  have  been  discussed  and  suggestions  made  for  countering  or 
minimizing  them. 
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FIGURE  A  6  MONTHLY  VARIABILITY  OF  SEA  SURFACE  TEMPERATURES 
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The  orbital  velocity  of  waves  close  to  the  seabed  can  be  expressed  as 
(Bagno Id,  1963)  : 

=  it  H  /  Sinh  2  w  h 

T  /  L  (1) 

Where  /x0=  orbital  velocity,  cm  sec--*- 
H  =  wave  height,  cm 
h  =  water  depth,  cm 
L  =  wavelength,  cm 
T  =  period,  seconds 

Similarly,  the  forward  drift  velocity  near  the  bottan  is  given  by: 

£=  5  Mq2 

4  C  (2) 

Where  p.  =  forward  drift  velocity,  cm  sec~l 
C  =  wave  velocity,  cm  sec“l 

Although  wave  heights,  periods,  lengths,  and  velocities  are  continuous  functions 
of  time,/i0and  ji  were  calculated  from  finite  values  of  these  variables.  This 
app rox inn t ion  results  frcrn  the  need  to  categorize  the  original  observations 
into  a  workable  oode. 

The  wave  data  used  in  the  calculations  (U.S.  National  Climatic  Center,  1971) 
are  presented  according  to  the  following  format: 


Code 

Equivalent 

Periods  in  Sec 

Ecjuivalent  Height 
Range  in  Meters 

1 

-  5 

1/2 

2 

6.7 

1 

-  1  1/2 

3 

8.9 

2 

-  2  1/2 

4 

10,11 

3 

-  3  1/2 

5 

12,13 

4 

-  4  1/2 

6 

14,15 

5 

-  6 

7 

16,17 

6  1/2 

-  7  1/2 

8 

18,19 

8 

-  9 

9 

-  20 

*  9  1/2 

The  ranges  of  height,  H,  were  further  converted  to  midpoint  values 
as  follows: 

1/2  to  0.5 

1- 1  1/2  to  1.25 

2- 2  1/2  to  2.25 

3- 3  1/2  to  3.25 

4- 4  1/2  to  4.25 

Similarly,  the  ranges  of  period,  T,  were  converted  to  the  follcwing 
midpoint  values : 


6,7 

to 

6.5 

14,15 

to 

14.5 

8,9 

to 

8.5 

16,17 

to 

16.5 

10,11 

bO 

10.5 

18,19 

to 

18.5 

12,13 

to 

12.5 

5-6  to  5.50 
61/2-7  1/2  to  7.00 
8  -  9  to  8.50 

•9  1/2  to  10.00 
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Orbital  velocities  were  calculated  for  the  following  depths,  h: 

100  fathoms,  i.e.,  183  meters 
50  fathoms,  i.e.,  91  meters 

40  fathoms,  i.e.,  73  meters 

30  fathoms,  i.e.,  55  meters 

20  fathoms,  i.e.,  37  meters 

10  fathoms,  i.e.,  18  meters 

2  yh 

The  relation  sinh  — ?- —  was  determined  from  the  published  tables 
(U.S.  Army  Coastal  Engineering  Research  Center,  1966)  ,  the  wavelength  L 
having  been  modified  to  take  into  account  the  movement  of  deepwater  waves 
into  shallow  regions.  This  modified  wavelength  is  L0.  The  wave  velocity, 
C,  was  derived  from  the  expression: 

C  =  Co  tanh  2irh  =  Lo  tanh  2wh 
L  T  L 


Where  Co  =  deep-water  wave  velocity 

2  irh 

The  values  of  tanh  were  also  established  from  the  above  source. 


The  resulting  values  of  and  p ,  as  calculated  from  Equations  (1)  and 
(2) ,  are  listed  in  Appendix  C.  The  frequency  of  occurrence  of  these  velocities 
at  a  specific  location  can  next  be  ascertained  from  the  historical  wave 
distribution.  Only  those  waves  which  feel  bottom  are  considered.  Thus,  all 


the  observed  waves  crossing  the  100-fathom  isobath,  only  3  {percent  may  be 
feeling  the  bottom.  These  are  the  waves  which  are  used  in  calculating  /x0and 


p  along  that  particular  isobath.  If  these  waves  have  a  [criod  of  20.5  seconds 
and  a  lieight  of  10  meters,  they  will  affect  the  bottom  with  a  49.8  cm  sec"-*- 
orbital  velocity  and  a  1.0  cm  sec~l  drift  velocity.  In  essence,  an  orbital 
velocity  of  49.8  cm  sec-^-  and  a  drift  velocity  of  1.0  cm  sec~^  resulting 


from  waves  having  the  above  characteristics  are  measured  3  jercent  of  the 
time  near  the  bottom.  Waves  of  other  periods  and  heights  will  contribute 


to  a  spectrum  of  orbital  and  drift  velocities. 


The  frequency  of  occurrence  of  various  velocities,  as  determined  from  all 
available  surface  wave  data,  is  given  in  Appendix  C  for  each  of  the  four  seasons. 
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APPENDIX  C. 


TABLE  OF  ORBITAL  AND  DRIFT  V  ELOCITIES 


d  =  100  fathers 


d  =  50  fathoms 


ORBITAL  VELOCITY (cm/sec) 

T(sec) 

20.5 

18.5 

16.5 

0.50 

2.5 

1.9 

1.2 

1.25 

6.2 

4.7 

3.1 

2.25 

11.2 

8.5 

5.6 

Wave 

Height 

3.25 

16.2 

12.3 

8.1 

H  (m) 

4.25 

21.2 

16.1 

10.6 

5.50 

27.4 

20.8 

13.7 

7.00 

34.8 

26.5 

17.4 

8.50 

42.3 

32.1 

21.2 

10.00 

49.8 

37.8 

24.9 

DRIFT  VELOCITY 

(an/sec) 

T  (sec) 

20.5 

18.5 

16.5 

0.50 

0.0 

0.0 

0.0 

1.25 

0.0 

0.0 

0.0 

2.25 

0.1 

0.0 

0.0 

3.25 

0.1 

0.1 

0.0 

Wave 

Height 

4.25 

0.2 

0.1 

0.1 

H  (m) 

5.50 

0.3 

0.2 

0.1 

7.00 

0.5 

0.3 

0.1 

8.50 

0.7 

0.5 

0.2 

10.00 

1.0 

0.6 

0.3 

ORBITAL  VELOCITY 

(cnv/sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

0.50 

5.8 

5.3 

4.5 

3.6 

2.3 

1.25 

14.5 

13.2 

11.3 

8.9 

5.8 

2.25 

26.0 

23.7 

20.4 

16.0 

10.5 

Wave 

Height 

3.25 

37.6 

34.2 

29.4 

23.1 

15.2 

H(m) 

4.25 

49.1 

44.7 

38.5 

30.3 

19.9 

5.50 

63.6 

57.9 

49.8 

39.2 

25.7 

7.00 

80.9 

73.6 

63.4 

49.8 

32.7 

8.50 

98.3 

89.5 

77.0 

60.5 

39.7 

10.00 

115.6 

105.2 

90.6 

71.2 

46.8 

DRIFT 

VELOCITY  (cm/sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

1.25 

0.1 

0.1 

0.1 

0.0 

0.0 

2.25 

0.3 

0.3 

0.2 

0.1 

0.1 

Wave 

Height 

3.25 

0.7 

0.6 

0.5 

0.3 

0.2 

H  (m) 

4.25 

1.2 

1.0 

0.8 

0.5 

0.3 

5.50 

2.0 

1.7 

1.3 

0.9 

0.4 

7.00 

3.2 

2.8 

2.2 

1.4 

0.7 

8.50 

4.7 

4.1 

3.2 

2.1 

1.0 

10.00 

6.5 

5.6 

4.4 

2.9 

1.4 

inL  .hul.^  Ir  JL  U*J*U 


d  =  40  fathoms 


ORBITAL  VELOCITY 

(cm/sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

0.50 

7.0 

6.5 

5.8 

4.9 

3.6 

2.0 

1.25 

17.5 

16.2 

14.7 

12.2 

9.1 

5.1 

2.25 

31.7 

29.2 

26.2 

22.0 

16.3 

9.2 

3.25 

45.6 

42.2 

37.9 

31.8 

23.6 

13.3 

Wave 

Height  4.25 

59.6 

55.2 

49.5 

41.5 

30.9 

17.4 

H(m) 

5.50 

77.1 

71.4 

64 . 1 

53.7 

39.9 

22.5 

7.00 

98.1 

90.9 

81.6 

68.4 

50.8 

28.6 

8.50 

119.2 

110.4 

99.1 

83.1 

61.7 

34.7 

10.00 

140.2 

129.8 

116.5 

97.7 

72.6 

40.9 

DRIFT 

VELOCITY  (cm/sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.25 

0.2 

0.1 

0.1 

0.1 

0.1 

0.0 

2.25 

0.5 

0.5 

0.4 

0.3 

0.2 

0.1 

3.25 

1.1 

1.0 

0.8 

0.6 

0.4 

0.1 

Wave 

Height4.25 

1.9 

1.7 

1.4 

1.0 

0.6 

0.2 

II  (m) 

5.50 

3.2 

2.8 

2.3 

1.8 

1.1 

0.4 

7.00 

5.1 

4.5 

3.8 

2.8 

1.7 

0.6 

8.50 

7.5 

6.6 

5.6 

4.2 

2.5 

0.9 

10.00 

10.4 

9.2 

7.7 

5.8 

3.5 

1.3 
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d  =  30  fathcms 


ORBITAL  VELOCITY  (cn/scc) 
T  (sec) 


20.5 

18.5 

16.5 

14.5 

1 2_.5 

10.5 

8.5 

0.50 

8.7 

8.2 

7.7 

6.8 

5.6 

3.8 

1.7 

1.25 

21.7 

20.6 

19.2 

17.0 

14.0 

9.5 

4.3 

2.25 

39.0 

37.1 

34.6 

30.6 

25.2 

17.2 

7.7 

3.25 

56.4 

53.5 

49.9 

44.2 

36.4 

24.8 

11.1 

Wave 

Height 

4.25 

73.7 

70.0 

65.2 

57.8 

47.6 

32.7 

14.6 

11  (m) 

5.50 

95.4 

90.7 

84.5 

CO 

r- 

61.6 

42.0 

18.9 

7.00 

121.4 

115.4 

107.5 

95.2 

78.4 

53.4 

24.0 

8.50 

147.4 

140.1 

130.5 

115.6 

95.2 

64.9 

29.2 

10.00 

173.4 

164.8 

153.6 

136.0 

1)2. 0 

76.4 

34.3 

DRIFT  VKI/XTTY  (an/soc) 
T (see) 


20.5 

18.  J> 

16.5 

14.5 

12_._5 

°  1 

1  00 

1 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.25 

0.3 

0.3 

0.2 

0.2 

0.2 

0.1 

0.0 

2.25 

0.9 

0.8 

0.7 

0.6 

0.6 

0.2 

0.1 

3.25 

1.9 

1.7 

1.6 

1  .3 

1.2 

0.5 

0.1 

Wave 

Height 

4.25 

3.2 

3.0 

2.7 

2.2 

2.0 

0.8 

0.2 

H(m) 

5.50 

5.4 

5.0 

4.4 

3.6 

3.3 

1.4 

0.3 

7.00 

8,7 

8.0 

7.2 

5.9 

5.4 

2.3 

0.5 

8.50 

12.8 

11.9 

10.6 

8.7 

7.9 

3.3 

0.8 

10.00 


17.7  16.4  14.7  12.1  11.0 


4.6  1.1 


d  =  20  fathcms 


CUBITAL  VELOCITY  (an/sec) 

~1 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

8^5 

0.50 

11.4 

11.0 

10.5 

9.8 

8.7 

7.1 

4.5 

1.25 

28.5 

27.5 

26.3 

24.4 

21.8 

17.7 

11.3 

2.25 

57.3 

49.5 

47.3 

44.0 

39.2 

31.8 

20.4 

3.25 

74.0 

71.6 

68.3 

63.5 

56.6 

46.0 

29.4 

Wave 

Height 

4.25 

96.8 

93.6 

89.2 

83.0 

74.0 

60.1 

38.5 

H  (m) 

5.50 

125.3 

121.1 

i:  5.5 

107.5 

95.8 

77.8 

49.8 

7.00 

159.5 

154.1 

147.0 

136.8 

122.0 

99.0 

63.3 

8.50 

193.7 

187.2 

178.5 

166.1 

148.1 

120.3 

76.9 

10.00 

227.9 

220.2 

210.0 

195.4 

174.3 

141.5 

90.5 

DRIFT  VELOCITY  (an/sec) 

T  (sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

8.5 

0.50 

0.1 

0.1 

0.1 

0.1 

0.1 

0.0 

0.0 

1.25 

0.6 

0.5 

0.5 

0.4 

0.4 

0.3 

0.1 

2.25 

1.8 

1.7 

1.6 

1.4 

1.2 

0.9 

0.4 

3.25 

3.8 

3.6 

3.4 

3.0 

2.5 

1.8 

0.8 

Wave 

Height 

4.25 

6.6 

6.2 

5.8 

5.1 

4.2 

3.1 

1.4 

H  (m) 

5.50 

11.0 

10.4 

9.6 

8.6 

7.2 

5.1 

2.4 

7.00 

17.8 

16.9 

15.6 

13.9 

11.6 

8.3 

3.9 

8.50 

26.2 

24.9 

23.0 

20.5 

17.1 

12.2 

5.7 

10.00 

36.2 

34.4 

31 .9 

28.4 

23.7 

16.9 

7.9 
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n/ 


d  =  10  fathans 


ORBITAL  VELOCITY  (an/sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

8.5 

6.5 

0.50 

17.6 

17.1 

16.9 

16.3 

15.5 

14.3 

12.3 

8.1 

1.25 

43.9 

42.6 

42.2 

40.7 

38.9 

35.8 

20.7 

20.3 

2.25 

79.0 

76.7 

76.0 

73.3 

69.9 

64.5 

55.2 

36.6 

Wave 

Height 

3.25 

114.1 

110.8 

109.8 

105.9 

101.0 

93.1 

79.7 

52.9 

H(m) 

4.25 

149.1 

144.0 

143.5 

138.4 

132.0 

121.7 

104.2 

69.1 

5.50 

193.0 

187.6 

183.8 

179.2 

170.9 

157.5 

134.9 

89.4 

7.00 

245.6 

238.7 

236.4 

228.0 

217.5 

200.5 

171.7 

113.8 

8.50 

298.4 

289.9 

287.2 

276.9 

264.2 

243.5 

208.5 

138.3 

10.00 

351.0 

341.0 

337.8 

325.8 

310.8 

286.4 

345.3 

162.6 

DRIFT  VELOCITY  (cm/ sec) 

T(sec) 

20.5 

18.5 

16.5 

14.5 

12.5 

10.5 

8.5 

6.5 

0.50 

0.3 

0.3 

0.3 

0.3 

0.2 

0.2 

0.2 

0.1 

1.25 

1.9 

1.8 

1.8 

1.7 

1.5 

1.4 

1.1 

0.5 

2.25 

6.1 

5.7 

5.7 

5.4 

5.0 

4.4 

3.4 

1.7 

Wave 

Height 

3.25 

12.7 

11.9 

11.9 

11.2 

10.4 

9.1 

7.2 

3.6 

H(m) 

4.25 

21.7 

20.4 

20.4 

19.1 

17.8 

15.6 

12.3 

6.2 

5.50 

36.4 

34.2 

34.1 

32.0 

29.8 

26.2 

20.6 

10.4 

7.00 

58.9 

55.4 

44.2 

51.8 

48.2 

42.4 

33.3 

16.9 

8.50 

86.9 

81.7 

81.4 

76.5 

71.1 

62.6 

49.1 

24.9 

10.00 

120.3 

113.0 

112.7 

105.8 

98.3 

86.6 

68.0 

34.4 

SPtCItS 

MASIT  AT 

MOVEMENTS 

•10 106  V 

FtSNEIV 

MISUllANlOUS 

¥unmns 

sahaMa) 

PtWfK  scheekeg 

Pupufutmcs  bust 
uppuiiwtty  la  tha  suuth 
Haras  aarth  in  spnwf. 
wath  in  aatunin  Sana 

fish  ami  la  naith, 
orhurs  remain  m  ragian 
Ihraughaul  summer 

Spawns  daring  spring 
and  early  summer 
preheMy  yeast  offshore 
in  northern  part  of  area 

Bulk  of  lendings  during 
May  through  November 
Outor  Banks  fisharmaa 
use  somos  and  gth  nuts 
Also  sought  hy  sports 
frshormaa 

lultartivk  (Paprilat 
Iriataatkai)  and 
Hucuusifish  (P.  pan) 

Oumtrsul 

Migrate*  relatively 
short  distances  toward 
shallow  waters  in  spring, 

daapar  waters  in 

oufumn. 

Spawns  in  lune  and 

July.  Eggs  am  pelagic 
and  hatch  in  lass  then  2 
days  at  72* f  Toung 
remain  near  Portuguese 
man  of  war  or  other 
largo  medusae 

Token  by  pound  nuts 
end  samas  in  sounds 
ond  bays  by  trawlors 
offshore 

Young  often  kitted  and 
wasted  by  shrimp  trawlers 

(roflkti  (Mitrapapaa 
aadalalat) 

Demersal.  sometimes  in 
schools  during  warm 
weather 

Winters  in  offshort 
voters  in  southern  pert 
of  oreo  and  migrates 
northward  toward  coastal 

and  estuarine  wotars  in 
spring  lovtrsa  direction 
during  autumn 

Spawn  during  faff 
offshore  Young  remote 

in  estuarine  wotars 
during  first  yaar. 
than  migrato  offshort 
with  adults  in  autumn 

Caught  with  pound  nofs 
ond  gill  nots  in 
estuarine  wotars,  haul 
somos  in  coastal  wotars. 
ond  by  trawlors  on 
offshort  grounds  last 
catches  during  October 
through  May 

fishery  undergoing  steady 
deckne  m  catch  Yeung 
caught  m  industrial 
catch 

flukt  and  fluunduc* 

(ParalUktkyi 

daalatai, 

P.  latkaslipma 

mpklkaliaii 

apaatai) 

Dumucsol 

Adult  fish  leeee  coastal 
hays  t  inshore  waters  in 
foil  and  spend  winter  at 
depths  of  20-15  fathoms 
latum  la  shallower 

wotars  in  spring 

P.  Jaatalaa.  Probably 
spawns  offshore  in  lain 
fall  or  winter 

S.  wfwntwi  spawns 

inshore  in  spring  t 
early  summer  Eggs  era 
pnlogH  and  hatch  in 
about  1  days  at 
lomparaturas  around 

53°F 

Token  by  trawlers 
offshore  in  winter  end 
near  shore  oil  year, 
with  highest  catches 
during  summer  Haul 
seines  used  olong  coast 
Taken  in  inside  waters 
by  pound  nets,  haul 
seines  shrimp  trowK  ond 

W« 

Whiling  (Mtrfwccfus 
Mlaaarh) 
lad  haka  (Urapkytii 
<kat$) 

Spoiled  haka 
r«.  raplai) 

Demersal  and  midwater 

Whiling  found  during 
winter  along  tha  100 
fathom  tontour  Move 

toward  shallower  waters 

in  spring,  return  la 

daapar  wafers  in  fall 

Whiting  spawns  inshore 
during  tha  summer  Eggs 
hatch  in  about  41  hours 

lad  hake  is  also  a 
summer  spanner,  and 
spotted  hake  spawns  ta 

winter 

Russians  fishing  for 

Whiting  during  winter 
led  hake  frowled  for 
during  summer  near 
shore  ond  for  mdustriol 
use  offshore  daring 
winter  Spotted  hoka  is 
a  component  of 
mdustriol  fish  catch 

See  hairing  (Clapaa 
karaapai) 

Falegic,  schooling. 

Not  definitely  known 

Spawns  in  daapar  waters 

offshore  in  fall  Demersal 
eggs  hatch  in  about  22 
days  at  45°E 

Token  during  late  winter 
ond  spring  m  rivers  ond 
estuaries  by  pound  nets, 
haul  semes  ond  gift  nets 

■ 

Unduftipleituk  by  U  S 
fishurmw*  CummucHSl 
fishuemm  cutch  Itcgw 
uumbucs  uffshucu 

J-rlLOLuJ.-i}  bL«*,K-ttO r  fl  .Agft 
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SPICIIS 


Alewives  (Ala la 

finMirtafii 

4.  aatllrallt) 


Shod  (Aim 
tapUltsiaia 
A.  modlecris) 


Kingfish 

(Maatltlrrha  t 
laaalllll) 


Honhodon 

(iravaartla 

Pyrenees) 


Forgy  at  sc  up 

(tNNlrail 

chrysaps) 


See  bass 

((aalraprhtat 

sfrfefws) 


NAIIUT 

MOVEMENTS 

II0106Y 

Pelagic,  schooling. 

Touag  spends  first 

Spawns  hi  nvars  from 

semmtr  m  rivers  end 

April  through  Jana  whan 

migrates  seaward  in 

water  reechos  S#-40"F 

outumn  Adults  ontor 

Eggs  hatch  in  about  i 

rivers  in  spring  to  spawn. 

days 

return  to  see  munediptely 

(A.  pseudohureeges) 

end  migrate  northward 

4.  etiNvelli  spawns 

toward  Gulf  of  Heme 

in  brackish  water  el 

Returns  to  offshore  river 

?0*F  Eggs  hatch  in 

areas  in  fell 

about  50  hours  Vounf 
aatar  asruanas  until 
outumn.  than  miprata 
off  short 

Pelagic,  schooling 

As  above 

Spawns  in  lota  spring 
in  rivors  and  straoms 

Eggs  hatch  in  7  days  at 

60‘F  (4.  MptfishM) 
4.  moWfocm  oppaors 
to  bo  ontiroly  marina 

No  dato  on  spawning 

Pelagic 

Ftw  data  ovoiloblo  on 

Spawns  in  summor 

movements 

Pelagic  aggs  hatch  in 
obout  7  days  ot  il°F 

Pelagic,  schooling 

Higrolet  nerthweid  along 

Spawns  at  son  A  in 

coast  in  spring. 

larger  estuarine  areas 

southward  during 

from  Hay  to  October 

autumn 

Eggs  hatch  in  two  days 

MISCELLANEOUS 


Pollution  ntd  overfishing 
hove  reduced  this  fishery 


(ought  commercially  by 
trawlers.  haul  seines, 
pound  noli  ond  gill  noli 
loigoil  catch  doling 
winter  (  oaf  ly  tpnng 
Sought  by  spam 
fisherman  liom  shoto  t 
piori 


Spoons  ot  wo  t  in  Fishing  is  by  pursa  soino 

loigoi  ostuonoo  oroos  lot  this  onto  valuable 

liom  Hoy  to  Ottoboi  industrial  spofios  Attar 
Eggs  hatch  in  two  days  several  years  of  declining 

ot  17° f  larvae  move  catches  to  north,  fishery 

into  estuaries  ond  remain  now  cantors  off  North 


Fishery  has  boon  declining 
in  recent  years 


b-l  months  In 
September  or  October 
most  return  to  see 


(erolrne  from  Nov-Jen 
Smeller  catches  in 

Chesapeake  ley  end 
ocean  waters  la  north 
from  Hay  through 
October 


Oemersal 

Winters  mainly  in 
offshore  wafers  in 
southern  part  of  area 
Higrotos  northwestward 
in  spring  toward 
shallower  watei 

Reveries  direction  in 

oeluma 

Spawns  in  late  spring 
daring  third  year  of  life 
Eggs  hetch  in  about  4G 
hours  at  17’ F 

Taken  by  trawls  in 
wmtor  offshore  of 
Herylend  t  Virginia 

Fishery  moves  inshore  in 
summer  Trawling  off 
North  (erobna  in  spring 
Pound  nets  1  sports 
fishermen  also  take  a 
parcentege  of  the  catch 

Fishery  has  boon 
declining  slightly 

Oomersal 

No  date  available  on 

movements 

Spawns  tram  Hay  to  Inly 
offshore  Eggs  ere 
nonadhesive  end  buoyant 
Vovng  inhabit  shallow 

bays 

Taken  in  deep  waters 

during  winter  by  trewlmg 
end  to  e  lesser  eiteat  by 
fish  pals 

Fishery  dechmng  recently 
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MOVIHIHTS 
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MISUUAMOUS 

Makat  (Mtfil  aapkafai 
M.  nnmt) 

Mayfly  ynlafit 

Matty  alfykan  fat 

Spaaay  nfhkata  a  lala 
uHtaai  Lai  vtt  iaata 

itykti  a  la  taaiaia 

(atfkl  tkitnfknnt  yat< 
aalk  kaal  taaaaa  fk  aah 
aa4  paaaak  aaay  kaftanM 

aak  Ociakaa  alt  kaatk 

(tanka 

Spaaaak  aaaakaial 
(Stamkara-aarai 
■anliMi) 

lalafic  ithaalmi 

(aaaaatiatat  *H  MM 

(tail  at  flanka  it 

aiatai .  it  lata  Maxi  atk 
Annl  knfi«  la  tipaak 
aartkaad  a(aa(  Artaataa 
iaaM  (aaikinf  Una  Tark 
talnti  ky  laly  lalaia 
mtf r aliaa  kafaiay  hi 
Wyfaakar  aak  Oafaknr 

Saaawaf  nxnti  att 
nakklt  iltaalK  ttayl  a 
iala  yfitai  aak  Mtly 
waawf  fffy  an 
»akat»i  aak  kaltk  a 
aka  hi  »  kaaiy  al  lVf 

lohoo  hy  howl  tamos 
horn  AHoiHk  hoothos 

and  m  Pomluo  Sound 
Comumdor  roktn  hy 
pound  nots  mi  pi  nuts 
m  Albomorlo  Sound 

Also  (ought  hy  sports 
ftshotmon 

Atlantia  moikdll 

(Scaakar 

icaakraa) 

Poiogu  somotimos 
schooling 

Migrates  mvHor*  in  spring 
ond  offshoro  in  autumn 

Similar  to  ohovo 

Tokon  hy  gtM  nots  I?  to 

1 S  mdos  off 

Chins ot ooguo  Copo 

Chariot  rogron  Somo 
oro  tokon  hy  othor 
trovK  ond  o  low  m  lovor 
(hosopooko  loy  pound 
nots 

'h»i  llaiaiMan 

aaatkaras) 

Mostly  dtmoisol 

OHshaia  Oitakai  tkiaafk 

Maxk  Matay  intknit  « 
ypii«|  auk  lamaiay  Ikata 
ikiaafk  yumitif 

Saaaay  aflykaia  liaa 
Datamkai  tkioufh  Maiik 
Ltialiaty  al  t||y  aak 
laitoa  an  aaknaan 

lakaa  ky  kaal  yaiaai 
tilth  ank  fall  aaty  walk 
kafktyt  (atlhaa  kuaiaf 

lata  yammat  aak  aulaiaa 
Mwk  laaifbt  ky  vyad 
Inhanaaa 

Slrtpod  (mu  (florono 
fMItilii) 

Mostly  poiogu 

Congregates  in  deop 
pools  in  (hosopeoke  ky 
ond  North  Carolina  sounds 
during  winter  A  stands 
rivers  to  spoon  during 

M«f ch  through  July  thon 
fo  deeper  nearshore 
voters  fo  food  summer  1 

outwmn  Some  fish  moko 
northword  migrations 
•long  loosf  in  spring  1 
summtr  to  Nov  England 
rotororitf  rn  outumn 

Spawns  during  Hoy  m 

Irish  or  mildly  htotkish 

wofor  Wafer  most  ho 
ortivo  to  koop  oggs 
afloat  Eggs  hotth  m  3 
doys  ol  STI 

Tokon  hy  gill  nots  pound 

nots  l  howl  somos 

Trovbng  (onducfod  noor 
Outor  looks  Pook 
landings  Nov  through 

April  m  North  Carolina  1 
(Aorth  1  April  m  Md  1 
(fo  Noovily  fishod  hy 
sport  fishormon 

Taaa  TtUnahn 

(Ffcaaaas 

afkacarai) 

Ihiah* 

fT.  fkynnai) 

Poiogu  sthoolmg 

Storks  oppoor  during  lilt 
vintor  migritt  north 
oostword  in  spring 
seethvord  through  tod 
out  of  irtf  m  f«N 

Sftaay  loath  al  aiM 
liltla  aKa  kaoan  al 
a<iaai(  kioltyr 

Growing  U  S  frshory  oast 
of  Capo  Nottoros 
fishing  is  hy  longhnos 
Joponoso  also  oiptoihng 

this  iosomko 

Swordfish  (Xipbfoi 

9  fwdfui) 

faltfu  _ 

Not  known 

Spawns  from  fohruory  to 
April  will  oHshero  ond 
possibly  south  of  tho 

oroo 

tlttfo  U  S  OKpfOltatlON 
at  prosont  duo  to  high 
moftury  tisswo  (onttot 
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MOVEMENTS 

110106? 

MSN  E 1 T 

BISUUANEOUS 

Soottfitb  oi  yoffor 

(JyboorofVoi 
•oro  total ) 

Oamtrsal  bants  in  sandy 

bttttWS 

LtftW  ltvd*d  VMR9 

a*vt«taf  toward 
sbaMtw  watars  ta  spnny 
and  kk  it  4h|«' 

waftr  s  in  avtamn 

Syooot  ntboit  to  ooify 
uhoo>o>  Eyft  told  to 
obool  4-  S  top 

Entot  to  (kotoyoobo  loy 
by  yoh  yooof  ooh  out 

bool  MMOt  AKo  HI 

tboKoo  (oovtol  ooloit 
by  loom  out  ottoi 

molt 

Woobtnb  (Cyooitfoo 
rofoffi) 

Syoltob  till!  Ml 

(Cyooldoo 

ooiofoiu) 

kdaH  Hsk  mim  toward 

msbtrt  attars  hi  Hank 

mi  April  l«  May  fbay 
m«i  It  dttpar  waftrs 
•ppartnriy  *•  baf 

rttBn  HKitavt  it 

abaadan<t  ay  am  « 
sbaHawtr  waftr  tram 

Jana  fkratfk  Aayast  la 
tall  rlt«y  atvt  tffsbart 

It  sitybHy  da apt <  attars 

Syooot  oioy  >0 

Sopt Motor  Eyyt  tioo 
Hooftoy  tot  tout  to 
•tool  J4  toon 

loboo  oilb  yooob  ooh 
ftooi  fowot  (kotoyoobo 

by  oot  by  liool  ynl 
toolk  of  (oyo  Noltoin 

Own oy  tto  vrotii  GOt 

MU  0*4  MMOt  on  oho 

Mf 

INVERTEBRATES 

(loon 

Hoi  A  (Voooi 
aonooorfo) 

Soft  (Myo 
orooorfoT 

Suit  (Sylto/o 
soiirfitslao) 

Itafhn 

N  A 

Onms  spawn  Irani  lata 
spnny  fa  tnrly  wimmtr 
WitHm  ant  fa  fan  watks 
Hit  swtmmmy  far  vta 

vtfrtt  and  attach  fa 

bottom  laltr  fa  bar  amt 
bar »td  Oaavt  yrow  mast 
rapidly  danaf  than  hrs! 

lire  ytars 

loboo  by  botiO  ooO  writ 
fifty  toot  loop  iibp 
•■0  otfolotor  OroOfot  ■• 
tto  to*  omit  mO  by 
hyOiooti  OioOyot  m 

Oooyoi  ooloit 

Duo  not  (Co/lfoocfii 

iiytVot! 

lanthu 

Soo  btolojy 

Spawn  in  Miramar  in 
kawt<  (Htsapatkt  lay 
Tt«n|  mavt  ap  Hit  bay 
and  tenons  tsfaants 
until  wmftr  Tba  ttdawmy 
spring  mt|rtfitn 
(tntinvts  tad  matiny 
aunts  m  brorkish  waftr 

ftmatts  1  sama  matas 

Hitn  matt  bark  dawn 

Hm  bay 

Hard  nabs  art  takan 

(OtnmaroaNy  wdb  pats 
and  not  lints  dvr  my 
spnny  thraayh  fad 

Amaftvrs  frtyvtnfly  vst 
dip  nats  a  ytar  aKa  asad 
atony  with  scripts  and 
fykt  nats  fa  rttcb  saH 
crabs  Dradyas  1  trawfe 
asad  m  wait  at  m  daapar 

waftr  s 

Spnny  and  samwar 
mtMmy  at  sbtddtay  al 
atd  tiaskaiafans  fa  adaw 
mrrttstd  yrtwlb  at  naw 
anas  rt  softs  hi  marb 
saoybt  tfttr  soft  irab 
form 

totitir  (Htmtn i 
imiiIiioii) 

IftflfhK 

Saint  mtyrcfmn  la  war  i 
sfeallawtr  attars  dvrmy 
spnny  and  sammtt 
rtvtrstd  in  aataaia 

liltlo  A  hook  oo  tfotofy 
of  offtboro  yoyofolroot 
Stoltow  oolot  lobtloit 

toon  to  tto  tomooi 

Fomolot  roluo  tyom 
•o4  |rlft(i  ifft  tko 
foKowitf  loot  toot  oitk 
toKtioj  piortiof  •  yoot 
loioi 

Stmt  tabaa  by  pats  masf 
by  attar  trawh  an 
tffsbart  yraands 

Hi  to*  A  nimbi* 
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flSNIKT 


muiiuMOtis 


Orvfff  ((rtfi«ifrN 
rirfiaua) 


laaHfct  \§i  rN  pat#f« 


Mil 


Spa  at  *  aa/ty  umm* 
ItfvM  tpa*  «i  haa 
tvwnnM|  at  Atifiau  fat 
•Ami  r»a  *aati  rhaa 
vaWfa  |  (tar  tat  tt  a  hr* 
M  httta*  l#a<h 
•athai  w«  *  it 
hat  yaatt  •« 

latitaAt  attar  tatapar 
tfatai  Itapth  t* 

ff«V«|  SNM* 


Tafcaa  m  shpftaa 
biMknk  vihrr  tlk 
taaft  mi  trt  4<a4fat 
tha  lartat  ptar  varattwatt 
ttaad  hr  Urpiatt 


krfattry  piap mi  »*h 
P*a4atart  viKh  t\  tfrrih 
a~*  knMu  MSI 
hahattiaa  hcv  PathaaP 
m  rataat  |r««r 


StiUft 

•ay /Facfaa  spp.) 
Sat  (flac«^«(fta 
ataftllialdt} 
(■trio  (Faafaa 

fMa«) 


Itnthu 


Shrimp 

Whrff  (P*—m 

ftihrwt) 
•roan  (Paaaaai 

•  lliCfll 


laathH  ptt*fK  whan 

rtwprt+mp 


B«r  wattap  tpa«a%  Par  tap 
vatamar  aaty  »m  tt 
m  yaar  oMt  liftW  n 
ku*R  at  htalapy  at 
athtt  uaftapv 


lahaa  hr  ha*P  »aka\ 
uaap  oafs  aaP  riaarty 
hr  PraPpt  fittauva 
iah<a  uaNap  rtiaaua 
rat  tarty  taaaP  *  Paap 
varart  at  vaathar*  part 
at  aiN  art  tarfhar 
taath 


Sara#  latft  ahrta  vhrwap 
ratprtft  tow§(4  imtiti 
RanPa  m  laN  rahMataf 
aartNwarP  m  tpnap 


Spa*"  "  *atv4a  waiatt 
aaar  iaa»l  ha*  tp/*p 
ta  aalwma  larvaa  art 
twapf  hr  t»Pt\  and 
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APPENDIX  E. 

ORGANISMS  REPRESENTATIVE  OF  EACH  MAJOR  TROPHIC  LEVEL 
IN  THE  HAMPTON  ROADS/NORFOLK  OPERATING  AREA 
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Cerataul ina  bergoni i 
dinof lagel lates  Peridinium  triquetrum 
Peridinium  depressum 
Ceratium  f urea 
Massartia  rotundata 


A2  Herb  ivorous  plankton 
copepods  Acar tia  tonsa 

Centropages  typicus 
Eury temora  hirundoides 
Sparacalanus  parvus 
Pseudodiaptomus  coronatus 
Temora  longicornis 
Corycaeus  amer icanus 

crab  zoea 

mysid  Neomysis  americana 
amphipod  Gammarus  f asciatus 


A3  Carnivores 
medusae  Nemopsis  bachei 

Blackf ordia  virginica 
Cry saora  quinquecirrha 
ctenophore  Mnemiops i s  leidy i 
chaetognaths  Sagitta  e legans 
Sagitta  en f lata 

larvae  of  fish  Micropogon  undulatus 
Anchoa  nitchi 1 1 i 
alewife  Alosa  pseud oharengus 
striped  bass  Morone  saxati lus 
blue  fish  Pomatomus  saltratrix 


A4  Algae 

blue-green  Calothrix  Crustacea 
greens  U Iva  lactuca 

Cod ium  decor t icatum 
Enteromorpha  intestinalis 
browns  Fucus  vesiculosus 

Sa rga s sum  f i 1 ipendu la 
Ectocarpus  tomentosus 
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reds  Gracilar ia  conf ervoides 
Hypnea  musci formis 
Gelidium  cr inale 
ChondrTa  tenuissima 
Polysiphonia  harvey i 


A5  Attached  phanerogams  (grasses 
reeds,  weeds,  etc.) 
Spartina  altern i f lora 
Spar tina  patens 
Thallassia  testudinum 
Juncus  roenar ianus 
Distichlis  specata 
Z i zania  aguatica 
Polygonum  spp. 

Nuphar  advena 


A6  Grazers 

snails  Nassar ius  obsoletus 
Littorina  irrorata 
Melampus  bidentatus 
Detrac ia  f lor idana 
mullet  Mugil  cephalus 
mummichog  Fundulus  heterocl itus 


A 7  Filter-feeders 

barnacle  Balanus  improvisus 
hydroid  Ser tular ia  sp. 
jingle  shell  Anomia  simplex 
tunicate  Molgula  manhattensis 
oyster  Crassostrea  virginica 
mussel  Myti lus  edulis 
bryozoan  Bif lustra  tenuis 
clams  Mya  arenar ia 

Macoma  balthica 
scallop  Argopecten  irradians 


A8  Detritus-feeders 
blue  crab  Callinectes  sapidus 
nemertean  Zygonemer tes  vi rescens 
polychaetes  Lepidonotus  squamatus 
Harmothoe  aculeata 
Nereis  1 imbata 
Arabella  opa 1 ina 
amphipod  Corophium  cylindricum 


INTERTIDAL 


Hi  Algae 

b 1 u e - < ]  r e  c > n  by ngbya  sen  1 p 1  o n a 
greens  Kntrcrumoruha  i ntos t  1  na  1  \  s 
U 1  v a  lactuca 
C  1  adophora  f  lcxuosa 
Bryops i s  plumosa 
browns  Ectocarpus  conf crvoides 
Ascophy'  1 1  urn  nodosum 
Fucus  vos i cu losus 
Sargassum  natans 
rods  Porphyra  umbi 1 ica 1 i s 
Graci I ar i a  verrucosa 
Cor ami um  strictum 
Po  I  ys i  phon  i  a  subt  i  1 1  i  ss  i r. i a 


B2  Grazers 

snail  Lit  tor  inta  lit  torea 
nudibranchs  Hermaea  dendritica 


Acan t hodor i s  pi lo 
Aeo 1  id i a  pap i 1 losa 
crab  Libin ia  emarq i nata 


B3  Fi 1  ter- feeders 
sponge  Microc rona  prol i f era 
barnacle  Ba 1  anus  tr i gonus 
mussel  My t i 1  us  cdu 1 i s 
mussel  Li thophaga  bi su lcata 
bryozoan  Bucjula  nor  it  ina 

tubeworm  Hydroides  _ 

tunicate  Stye  1  a  pi  icata 
oyster  Ostrea  eu uestr i s 
mo 1 e  crab  Eme  r i t  a  t  a  1 po i d  a 


B4  Detritus-feeders 

s i puncu 1 i d  Pa ras ipidosiphon  parvu 1  us 
nemerteans  Zygeuphol i a  r ubens 

Cerebral  ulus  1 actcus 
amphipod  Gammarus  spp. 
polychaetes  C.lycera  amer icana 
Sy 1 1 i s  graci 1 i s 
Nere i s  occidental  i  s 
blue  crab  Callinectes  sapidus 
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NERITIC 


Cl  Phytoplankton 

diatoms  Skcletonema  costatum 
Chaetoceros  a f f inis 
Chaotoceros  comprossus 
Corataul ina  bergoni i 
Chi lomonas  sp . 

Cryptomonas  sp. 

Rhizosolor.  ia  alata 
flagellates  Massar tia  rotundata 

Per idinium  triquetrum 
Gy rod i nium  aureum 
Gymnod i niun  sp. 

Py r am i monas  sp. 

coccol i thophores  Coccol ithus  huxley i 

Gephy r ocaps-t  ocean ica 


C2  Herbivores 
p  t  e  r  o  pod  s  Limicing  re  trover s a 
b i mac ina  i n f 1 a t a 
1, 1  mac  in.)  t  roch  i  f  orm  i  s 
Creseis  virguia  conica 
copepods  Centropagos  typicus 
Pa raca lanus  pa rvus 
Pseudocalanus  mi nutus 
Labidocera  aest iva 
Fuca lanus  pileatus-subcr.'  ssus 
numerous  invertebrate  larvae 


C3  Carnivores 

chaetognaths  Sagitta  serratodentata 
Sag i tta  elegans 
Sag i tta  hispida 
squid  Lo 1 i go  pea  1 j i 
ctenophorc  Pleurobrachia  pi leus 
Bcroe  ovata 

herring  Clupca  harengus 
menhaden  Brevoort  ia  tyr annus 


LITTORAL 


C4  F  i  ltcr- feeders 

scallops  Placopectcn  nagol lanicus 
Arqopecten  irrad ians 
Argopecten  gibbus 
clam  Arctica  lslandica 
barnacle  Ba lanus  amphitrite 
tubeworms  Pomatoceros  caerul eus 
Sabel lar ia  f lor idensis 
southern  quahog  Mercenaria  campcchiensis 
northern  quahog  Mer cenar i a  mercenar i a 
(juill  worm  Hyalinoccia  ar  t  i  f  ex 
surf  clam  Spisula  so  1 id i ssina 


C5  Detritus- feeders 

crabs  Cancer  irroratus,  C.  bor ea 1 i s ,  Muni  da 
va 1 ida 

gastropod  Pol vs t i ra  sp. 

hermit  crabs  Catanagurus  sharrer i >  Pagur us 
annu 1 i pcs 

shrimp  Crangon  sept.emspinosa 
snail  Nassar ius  t r i v i t ta tus 
shrimps  Penaeus  so  t i f  er us  ,  P.  az tecus 
lobster  Homarus  a mer i canus 

flounder  Pa  ra 1 i ch  thy s  dentatus 
horseshoe  crab  L i mu  Ins,  po 1 yphenus 


C6  Predators 

sea  stars  Aster  i  as  forbes_i_ 

Ast  ropecton  aru  rj_canus 
Astropecte n  . i rt  iculatus 
porcjy  Stenotomus  chrvsups 
butterfish  Poronot  us  t_r  i_<  i canthus 
crab  Cancer  borea 1 i s 
whiting  Men  t  i  c  i  rrhus  am e r_i_ca nil s 
tautog  Tau toga  oni t i s 
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OCEANIC 


D1  Phytoplankton 

coccolithophores  Coccolithus  huxley i  * 

Cyclococcolithus  leptoporus 
Katodinium  rotundatum 


D2  Herbivores 

pteropods  Limacina  inf lata 

Limac ina  trochi formis 
Creseis  virgula  conica 
chaetognaths  Sagi tta  hexaptera 
Sagitta  lyra 
Sag i tta  helenae 
Krohnitta  subt i 1 i s 

I - 

D3  Carnivores 

tuna  Thunnus  thynnus 
sailfish  I stiophorus  amer icanus 
marlin  Makaira  nigricans 
dolphin  Coryphaena  hippurus 
mackerel  Scomberomorus  maculatus 
sunfish  Mo la  mola 
medusae  Cyanea  spp. 

several  myctophids,  including  Ceratoscopelus 
materensis 
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CONTINENTAL  SLOPE 


El  Demersal  scavengers 

A  eel,  Nema tonurus  sp. 

hake  Merluccius  bilinearis 
cusk  Brosroe  brosme 
white  hake  Urophycis  tenuis 
sea  robin  Prionotus  carolinus 


E2  Filter-feeders 

sponge  Hyalonema  boreale 
sea  pen  Pennatula  aculeata 
sponge  Euplectella  suberea 
coral  Anthomastus  grandif lorus 
coral  Flabellum  qoodei 
cucumber  Pseudostichopus  villosus 


E3  Detritus-feeders 

quill  worm  Hyalinoecia  artif ex 
hermit  crab  Parapagurus  pilosimanus 
echinoids  Phormosoma  placenta 
Plexechinus  hirsutus 
ophiuroids  Bathypectinura  heros 
Ophiomusium  lymam 
Ophiocantha  simulans 
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SLOPE  BASE/ABYSSAL  PLAIN 


FI  Demersal  scavengers 


several  groups  of 


cephalopods 


ishes  Macrurids 
Morids 
Brotulids 
Zoarcids 
Liparids 
Rajids,  etc. 


F2  Filter-feeders 

sponge  Euplectella  suberea 
soft  coral  Anthomastus  grandif lorus 
sea  pen  Umbellula  lindahli 
holothuroids  Euphronides  cfepressa 

Pseudostichopus  vi llosus 
Pelopatides  gigantea 


F3  Detritus-feeders 

decapods  Nematocarcinus  ensiferus 
Munnidopsis  s]pp. 
Glyphocrangon  aculeatus 
Parapagurus  pilosimanus 
ophiuroids  Amphiophiura  bullata 
Bathypectinura  heros 
Ophiomusiuin  lymani 
Ophiocantha  simulans 
echinoids  Phormosoma  placenta 
Plexechinus  hirsutus 
asteroid  Benthopecten  spinosus 
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